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The surface plasmon resonance (SPR), excited in the vicinity of metal 
nanoparticles or nanostructures, has been explored in the recent decade for 
different applications in III-V semiconductor materials due to the collective 
oscillating property in the electromagnetic field. Optical gain excitation, 
modification and related photoluminescence (PL) enhancement of GaAs or GaN 
based semiconductor materials have benefitted substantially from electrical field 
enhancement surrounding active semiconductors allowed by the employment of 
plasmonic structures. 
However, for GaAs based semiconductor heterostructures, as the PL emission is 
located in the near-infrared region, creating an effective SPR coupling to 
semiconductor materials remains an issue. Large scale patterning methods are 
always inflexible and make it hard to achieve an effective coupling between the 
SPR and semiconductors. Delicate patterning methods are always costly and 
inefficient to fabricate on a large scale. Hence, in this thesis, plasmonic structures 
with high fabrication efficiency and effective coupling to semiconductors are used 
to modify the PL of semiconductor heterostructures. 
First of all, dielectric-metal-dielectric sandwich structures are used to modify the 
PL wavelength of an InGaAs QW structure by QW intermixing. A SPR coupling 
between a plasmonic structure and an underlying QW is used to enhance atomic 




this QW intermixing method is thus improved. This easily fabricated structure 
provides a convenient way to modify the bandgap of a QW structure for further 
improvement in optoelectronic integrated device fabrication such as bandgap-
tuned modulators and multi-wavelength lasers. 
In addition, the PL of an InGaAs related QW structure is further developed for 
photoemission enhancement by using SPR in a fast and effective way. Via the 
coupling of the SPR to a quantum energy level, an easily-fabricated large-area Au 
pattern is used to adjust the SPR wavelength and enhance the PL in an InGaAs 
quantum well nanodisk array covered with Au caps. A 4.5-fold enhancement in 
PL intensity is obtained with the help of effective coupling between the SPR 
wavelength and the quantum well nanodisks. This SPR induced PL enhancement 
provides a simple path towards improving the photoemission of semiconductor 
materials or devices in the near-infrared range. 
Lastly, the coupling between SPR and semiconductor materials is further studied 
for application in the visible range, as the coupling mechanism within this range is 
different from that in the near-infrared range. Periodic Ag gratings patterned on 
top of an InGaN multi-QW sample are used for a propagating PL excitation in a 
lateral direction, which is different from existing studies on GaN related materials. 
Unlike other studies of localized PL enhancement, a lateral accumulation of SPR 
effect contributes to overall PL excitation. The overall gain can contribute a larger 
SPR effect and may lead to other novel applications such as surface plasmon 




In conclusion, by using different structures with high fabrication efficiency, 
effective SPR coupling is generated successfully on different III-V semiconductor 
QW samples. PL of these QW samples is thus intentionally modified. The study 
provides guidance in using SPR to tune and enhance the photoemission of III-V 
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Chapter 1. Introduction 
1.1 Surface plasmons 
Surface plasmons (SPs) have become a fascinating topic in the development of 
nanoscience and nanotechnology over the last decade. This research interest is 
primarily due to the special property SPs have in generating collective light 
oscillations at metal/dielectric interfaces [1, 2]. To generate a surface plasmon 
resonance (SPR), an electromagnetic wave, normally a pump light, is shone in a 
specific way into a metal structure, which then induces strong coherent electron 
oscillations in the vicinity of the metal. 
Although metals, such as Al, Ag and Au, had been widely used in history, formal 
scientific studies on the generation of SPs started from early 20th century. R. W. 
Wood described anomalous diffraction in diffraction gratings induced by surface 
plasma waves in 1902 [3]. Until the 1950s, SPs were first elucidated through 
theoretical analysis from aspects of surface science by R. H. Ritchie [4]. Plasma 
oscillations, which are related to the SPR, were first demonstrated on metal 
surfaces. Later in the 1960s, E. Kretschmann and A. Otto proposed two 
experimental configurations for optical excitation of SPs by using attenuated total 
reflection (ATR) methods [5, 6]. These two configurations became primary 
examples for SP excitation. Since then, SP and related SPR applications have 




In 1974, M. Fleishmann and other workers showed a strong Raman scattering of 
pyridine molecules induced by a Ag surface [7]. This is considered the first SPR 
application ever investigated. A huge amount of work on this enhancement of 
Raman scattering, usually known as surface enhanced Raman scattering (SERS), 
were then reported afterwards. Later in 1983, enhanced sensing by using the ATR 
method became a pioneering SPR application in gas detection and biosensing [8]. 
In 1984, an SPR-machine was developed to detect lower concentration 
biomolecules in solutions via the SPR enhancement by the company Pharmacia 
Biosensor AB [9, 10]. Due to this early development, a large number of SPR 
related publications are nowadays focusing on SP related biodetection [11-13]. 
In the 1990s, because of rapid development of nanoscale fabrication technologies 
and physical characterization methods, SPR and related applications became more 
easily achievable through modifying SPR structures and controlling SP 
excitations [14, 15]. In 1997, SP related metal nanowires were proposed as a 
design for use in optical waveguides with a size in the nanometer scale [16]. Later 
in 1998, T. W. Ebbesen et al. reported an extraordinary optical transmission by 
using sub-wavelength metal hole arrays [17]. In 2001, J. Pendry proposed the 
concept of a “perfect lens” by using a thin metal film, which is considered to be 
one of the beginning of many studies on high resolution superlenses [18]. 
In the recent decade, more and more studies on SPR properties have been carried 
out. In 2004, a photoluminescence (PL) enhancement by coating metal layers on 
an InGaN quantum well (QW) structure was first demonstrated in an experiment 




SP assisted laser antenna on a quantum cascade laser [20]. This metal antenna 
placed on the surface of a laser emitting region generated a spatially confined 
optical field and subsequently suppressed the divergence of the laser beam. In 
2007, S. Pillai et al. reported a performance improvement of Si solar cells with 
Ag islands covered on top due to SPR coupling [21]. X. Zhang’s group used a 
hybrid plasmonic waveguide with a high-gain CdS nanowire to realize a 
plasmonic laser at the deep subwavelength scale in 2009 [22]. Later in 2013, S. 
Maier’s group demonstrated a confined SP related amplifier with a high net gain 
by using a metal waveguide and a thin layer organic gain medium [23]. 
As introduced above, SP optics has made a gradual transition from fundamental 
research on relevant properties to application studies on how to take advantage of 
the SPR. SPRs have been used in many applications in different areas for their 
unique properties in electromagnetic field enhancement and wave resonance. This 
thesis is mainly focused on how the SPR can benefit solid state optoelectronic 
materials, i.e. III-V and II-VI semiconductor heterostructures and nanostructures.  
To create a clearer understanding of SP advantages, the main principle of the SP 
will be introduced first. The induced collective oscillations known as SPs can be 
categorized into two basic modes, surface plasmon polaritons (SPPs) and 
localized surface plasmons (LSPs) [24]. SPPs are propagating modes confined at 
the interface between a metal film and another dielectric medium [25]. LSPs are 
excited resonances localized near a metal region [26]. Both SPPs and LSPs have 




performance as introduced above [27-29]. The basic mechanisms and related 
applications of SPR are reviewed in this chapter. 
1.1.1 Surface plasmon polaritons 
SPPs can be excited directly by a light source with a requirement of wave vector 
matching. SPPs can be induced by many different generating configurations, such 
as prism coupling, grating coupling and highly focused beam excitation [2]. The 
behavior of SPP propagation between metal and dielectric layers is shown in 
Figure 1.1. As shown in the figure, excited by an incident light beam, an 
electromagnetic wave is formed traveling along the interface with different 
evanescent stretches on each side of the interface [30]. However, a free-space 
photon coming from air, for example, cannot excite an SPP at a metal/air interface. 
The reason is that SPP excitation requires wave vector matching between an 
incoming photon and the SPP at a metal/medium interface. 
 





For a better understanding of SPP excitation, the working principle is introduced 
theoretically.  In normal SPP propagation at a metal/medium, the dispersion 
relation of a propagating wave is calculated as: 
݇௦௣௣ ൌ ఠ௖ ሺ
ఌ೘ఌ೏ሺఠሻ
ఌ೘ାఌ೏ሺఠሻሻ
ଵ/ଶ ,       (1.1) 
where ω is the wave frequency, c is the speed of light, εm and εd(ω) are 
the relative permittivity of the metal and surrounding medium, respectively. This 
dispersion relation can be plotted as the curve II in Figure 1.2 [31], where ωsp is 
the SP frequency and ω0 is the frequency of the incident light. 
Figure 1.2 also shows a propagating light line in air based on the equation  
݇௫ ൌ ఠ௖ .         (1.2) 
When another medium or dielectric, i.e., a prism, is added to generate a wave, the 
dispersion equation will be converted to 
 
Figure 1.2. SPP dispersion curves generated inside different media and light line 




݇௫ ൌ ఠ௖ ඥߝௗ          (1.3) 
where εd is the permittivity of the medium. As plotted in Figure 1.2, line I shows 
the dispersion curve generated by the equation. This line can be rotated to either 
the direction of the air light line or the direction of the SPP curve by different 
methods, such as adjusting the incident angle of light or changing the permittivity 
of the surrounding medium. When this line I is rotated to cross the SPP dispersion 
curve at point P in Figure 1.2, the incident light, with an exact frequency of ω0, 
can propagate at the metal/medium interface. This means that the SPP can only be 
excited when the frequency of the pump light and the refractive indices of the 
environment match each other. This is the main matching requirement for SPP 
excitation. 
In order to meet the excitation requirement of matching, people have developed 
different configurations. Kretschmann and Otto configurations (using a coupling 
prism) and grating coupling structures (using metal-made gratings) are the main 
configurations for SPP excitation [5, 6, 32, 33]. In Kretschmann and Otto 
configurations, SPPs are excited at the interface of a thin metal film and the air 
when a prism is located near this interface (either attached to the metal film on the 
other side or placed very close to the metal/air interface). As sketched in Figure 
1.2, the dispersion curve I will be rotated clockwise and an excited wave with a 
frequency of ω0 can be generated. The SPP is thus excited when the frequency of 




Grating coupler based structures offer another method to excite SPPs [34]. The 
wave-vector of the SPP dispersion curve in Figure 1.2 in a metal/medium 
structure can be adjusted to a new curve parallel to the original curve I by 
changing the period of a grating. Once the adjusted wave-vector depending on the 
period of the grating is properly designed, an SPP can be generated easily at a 
metal/medium interface. 
1.1.2 Localized surface plasmons 
A strong LSP resonance near a metal nanoparticle with a size smaller than the 
incident light wavelength can be generated in the form of free electron oscillations 
[35, 36]. Figure 1.3 shows a displacement of the electron cloud relative to the 
nuclei in a typical LSP excitation around a single metal nanoparticle. The surface 
of the nanoparticle possesses an effective restoring force to drive the free electron 
cloud in the near field of the nanoparticle. Due to this restoring force of the 
 
Figure 1.3. Schematic of a plasmon oscillation in a metal nanosphere, showing the 




particle, a resonance occurs and results in a field enhancement in the surrounding 
area [37]. The excitation of this LSP can be simply induced by light absorption of 
a nanoparticle with no restriction in shape and geometric dimension of the metal 
structure. However, the specific resonance wavelength of different metal particles 
or structures depends on the selection, dimension and shape of metal material [24]. 
In a simple LSP model of a single metal nanoparticle excited by a pump light, the 
dipole moment to describe the electron oscillation of a metal nanoparticle can be 
considered as [2, 24]: 
݌Ԧ ൌ ߝௗߝ௠ߙܧ଴ሬሬሬሬԦ.        (1.4) 
Herein, εd is the electric permittivity of the embedding medium; ܧ଴ሬሬሬሬԦ is the incident 
electrical field (E-field); α is the electrical polarizability of the sphere which can 
be expressed as: 
ߙ ൌ 4ߨߝ଴ܴଷ ఌ೘ିఌ೏ఌ೘ାଶఌ೏        (1.5) 
where ε0 is the electric permittivity of the vacuum, R is the radius of the metal 
nanoparticle, and εm is the electric permittivity of the metal nanoparticle. As 
shown in Equation 1.5, the SPR will reach a maximum value when |ߝ௠ ൅ 2ߝௗ| is 
at minimum. As εm is always changing as a function of wavelength, this 
maximum SPR point is based on both the wavelength of the resonance and the 
selection of surrounding dielectric and metal materials. Hence, the SPR 
wavelength for different metal/dielectric pairs, such as Ag/air, Au/GaAs and 





Figure 1.4. (a) SEM images of Au nanoparticles with different diameters ranging 
from 60 to 140 nm. (b) Dark-field scattering and (c) PL spectra of the Au particles 
[38]. Reproduced with permission. 
In addition to the refractive indices of the constituent materials, the size of the 
metal particles is another parameter that may affect the SPR wavelength. The size 
of a metal particle is normally in direct proportion to the SPR wavelength. The 
SPR wavelength normally red-shifts as the size of the metal particle increases [38]. 
As shown in Figure 1.4 (a), Au nanoparticles of different sizes are fabricated on a 
SiO2 covered Si sample. Dark field microscopy was used to measure the scattered 
light spectra of the nanoparticles. The peak in the scattered light spectrum, which 
is related to the SPR of the Au particle, is tuned from 570 nm to 700 nm with an 
increase of the particle’s diameter as plotted in Figure 1.4 (b). The PL is also 
shifted to a longer wavelength as shown in Figure 1.4 (c). 
Moreover, the shape of the metal nanoparticles can also affect the SPR. As can be 




round, triangular and rod shapes, have exhibited different SPR wavelengths as 
shown in relevant scattering curves. These SPR wavelength differences depend on 
the unique resonance mode of each independent nanoparticle shape in the 
ensemble. 
In addition, the surrounding medium of the metal particles is also a parameter 
driving the SPR [24]. As mentioned in Equation 1.5, a change in the surrounding 
medium will change the εm value, thus tuning the SPR of the metal/dielectric 
structure. Generally, an increase in εm will result in a red-shift of the SPR 
wavelength. As shown in the extinction spectra in Figure 1.6, SPR wavelengths 
are different for different media, which in this sample are SiO2, Si3N4 or TiO2 
covering Ag particles on a silica glass substrate [39]. Here, extinction was 
calculated as 1 minus transmission of the samples. The approximate refractive  
 
Figure 1.5. (a) SEM images of the Au nanoparticles with disk, triangular and rod 
shapes. (b) Dark-field scattering of the Au particles shown in (a) [38]. 





Figure 1.6. SEM images of annealed Ag particles on a silica glass substrate 
covered with (a) SiO2, (b) Si3N4 or (c) TiO2. (d) Corresponding extinction spectra 
of the Ag particles [39]. Reproduced with permission. 
indices of the dielectric media SiO2, Si3N4 or TiO2, are 1.5, 2.0 and 2.5, 
respectively. The SPR wavelength exhibits a red-shift as the refractive index 
increases. 
Taking advantage of this SPR induced localized enhancement of E-field and light 
propagation, researchers have employed metals and metal/dielectric structures for 
different applications, such as surface-enhanced Raman spectroscopy (SERS) [40, 
41], photoemission control, fluorescence enhancing and detecting [42-44], 
photovoltaic devices [21, 45], biomolecular sensing and monitoring [11, 46], 
color filters and printers [47, 48], etc. Among the applications, photoemission 




of attention for improving the optical performance (PL intensity [49, 50], lifetime 
[51, 52], tuning and propagation [53, 54]) of III-V semiconductor and related 
devices, such as photonic integrated circuits, light emitting diodes (LEDs) and 
nano-lasers. 
1.2 Photoemission applications of surface plasmons 
The capability of SPRs to enhance the local E-field as introduced above has been 
extensively explored for photoemission manipulation and enhancement of III-V 
semiconductor heterostructures. In order to achieve this emission manipulation 
and enhancement, it is necessary to have a clear understanding of the mechanism 
of the electromagnetic interaction between a metal and a nearby semiconductor 
material when they are excited optically. 
1.2.1 Mechanism of coupling between surface plasmons and PL 
emission 
The mechanism of SPR induced PL excitation consists of two main steps [55, 56]. 
The first step occurs in the excitation stage and the second step occurs in the 
emission process. In the first step, an optical pump, normally a laser source, is 
focused onto a metal/semiconductor region. A confined SP mode resonating at a 
certain frequency is then excited in the vicinity of the metal which induces an 
elevation of the photon density near the light emitting semiconductor. The light 
absorption efficiency of the semiconductor is thus enhanced. This enhanced light 
absorption results in an increase in electron-hole pair generation inside the 




semiconductor, can accelerate the recombination rate of the electron-hole pair. 
The radiation rate is then faster than the case without the metal. This means the 
number of electron-hole pairs recombination is increased at any given time by 
using a continuous optical pump. As a consequence, the PL emission of a 
semiconductor sample with metal structures can be enhanced by the coupling of 
this SP mode. 
However, non-radiative recombination can occur in some semiconductor and 
metal couplings [57]. In this situation, large light energy absorption in the metal 
material simultaneously occurs during the PL enhancement process [58]. This 
absorption can cause a severe PL emission suppression and effectively restrict the 
enhancement. Therefore, this PL emission excitation and enhancement can only 
be achieved by a delicately designed low-loss metal and semiconductor structure. 
Otherwise, the metal will simply reduce the emission efficiency compared to the 
situation without the metal. 
As discussed above, light absorption, energy interaction and light emission are the 
three main factors which should be delicately considered before using the SPR 
and semiconductor coupling to benefit semiconductor materials effectively. To 
build this coupling effectively, an SP mode has to match the photoemission of a 
semiconductor at the same energy level. For noble metals like Au and Ag, 
interband transitions between their electronic bands generate strong absorption in 
the between 400 nm and 550 nm spectrum regime [2]. This transition regime can 
be regarded as the intrinsic SPR range of the metal in which semiconductor 




most commonly used metals, Ag and Au, lies in the visible range, it is easy to 
create a coupling between a metal and a semiconductor in this wavelength range 
[2]. Within this range, GaN related semiconductors, such as InGaN and AlGaN 
based heterostructures, are most widely used in fabricating optoelectronic devices. 
Hence, GaN based samples can potentially benefit from SPR coupling and 
different related applications have already been reported. However, when the 
wavelength goes to the near-infrared range, which is a very important 
communication wavelength range, the situation is more complicated. Instead of 
taking advantage of the intrinsic SPR, an effective SPR coupling can be created 
only through the interaction between metal and semiconductor. This is because 
the existence of a high refractive index medium can tune an SPR to a longer 
wavelength range as introduced in Section 1.1.2. The metal structure then needs 
to be further modified compared to that in visible wavelength range. 
After a clear understanding of the basic mechanism of the SPR and semiconductor 
coupling, PL emission of semiconductors in both the visible range and the 
infrared range can potentially benefit if coupling is effective. 
1.2.2 Surface plasmon resonance excited PL emission enhancement 
SPRs have been widely applied to different kinds of optical gain materials, such 
as organic dye molecules, conjugated polymers and optoelectronic semiconductor 
materials, for diverse applications. The coupling between the SPR and organic 
dye molecules has been studied for improving molecule detection sensitivity [59, 




for subwavelength optical antenna applications via SPR coupling [61, 62]. 
Semiconductor materials with a wide application in fabricating optoelectronic 
devices, can benefit from the SPR coupling as well. This thesis mainly focuses on 
the application to III-V group semiconductor materials. 
Among the SPR applications to optoelectronic semiconductor materials, the most 
straightforward application of SPR is to enhance the PL emission in 
semiconductor devices such as laser diodes or LEDs [29]. Various methods of 
using metal structures or particles for this enhancement have been pursued by 
researchers throughout the world in the recent decade. Herein, several typical 
ways to enhance PL emission, in both the visible and the near-infrared range, are 
introduced and analyzed for their advantages and disadvantages. 
i. Metal film enhanced PL emission in the visible range 
A metal film, the simplest metal structure, is no doubt the first choice when using 
plasmonic structures in real applications. However, it was only in 2004 that K. 
Okamoto and his co-workers successfully achieved an increase in PL emission of 
InGaN QW structures via metal layers coating, which is one of the earliest reports 
of SPR related PL enhancement [19]. Figure 1.7 (a) shows the sample structure 
and measurement configuration of the experiment and Figure 1.7 (b) shows the 
PL spectra of samples covered with Au, Ag and Al films. 
The PL excitation and emission collection both take place from the rear side of 
the sample as shown in Figure 1.7 (a). Ag and Al covered QW samples show a 





Figure 1.7. (a) Sample structure and PL measurement configuration. (b) PL 
spectra of InGaN QWs coated with Ag, Al and Au. The GaN spacer layer is 10 
nm in thickness [19]. Reproduced with permission. 
 
Au coated QW sample exhibits no such enhancement. Different SPR wavelengths 
of Ag, Al and Au result in this PL performance difference. Even though the 
structure in the experiment shows that the PL enhancement can be easily obtained 
by only coating a simple metal film layer onto a sample, there are still some 
important requirements which cannot be ignored: 
 The thickness of the GaN spacer (the top capping layer of the QW 
structure in this example) is required to be as small as possible to induce a 
strong SP and QW coupling; 
 The thickness of the metal layers has to be selected carefully (50 nm for 
Ag in the experiment) in order to support the effective SP mode for the PL 
enhancement. Some other disruptive modes which cannot support the SP 




 The structure requires a transparent substrate for PL excitation and 
collection. When a QW sample is grown on a non-transparent substrate or 
fabricated into a usable LED, this would need to be considered to achieve 
this PL enhancement. 
Limitation: PL enhancement cannot be generally obtained unless we can satisfy 
the requirements above. This simple coated metal film may not be a suitable 
choice for PL enhancement in other kinds of semiconductor samples or 
heterostructures. 
ii. Metal particle enhanced PL emission in the visible range 
The use of self-assembled metal particles offers another method of enhancing the 
PL emission in a more flexible way. In a metal film and semiconductor structure, 
the SPR wavelength is not tunable and the extraction efficiency is usually 
suppressed due to the absorption in the metal film [63]. These limitations can be 
effectively overcome by using metal nanoparticles (or sub-microparticles). As 
discussed in Section 1.1.2 above, the SPR wavelength of a single metal 
nanoparticle depends primarily on the diameter of the particle [38]. By changing 
the size of the nanoparticle to adjust the resonant wavelength, the coupling effect 
between the metal and the surrounding semiconductor can be controlled. This 
kind of metal nanoparticles can be directly used in optoelectronics devices 
because of their convenient fabrication. 
SPR induced PL modification of GaN/AlN quantum dots were reported by A. 




enhancement) generated by Ag particles were first analyzed experimentally. Later, 
the effect of controlling the size of Ag nanoparticles to tune the PL emission peak 
of an InGaN QW was studied by D. M. Yeh et al. in 2007 [65]. The SP-QW 
coupling effect dominates the PL shift and the intensity enhancement of the QW. 
M. K. Kwon et al. demonstrated LSP enhanced LED by inserting Ag 
nanoparticles inside an InGaN QW structure in 2008 [66]. Besides the use of Ag, 
Au nanoparticles can also contribute to PL emission but over a longer wavelength 
range. By using Au nanoparticles, the photoemission of a green LED was 
enhanced at a wavelength of around 520 nm as reported by C. Y. Cho and co-
workers [67]. 
In 2009, by a fast fabrication method, chemically synthesized Ag nanoparticles 
have been systematically studied to enhance visible PL emission from InGaN 
 
Figure 1.8. (a) SEM image of Ag nanoparticles decorated on a QW sample in 





QWs by J. Henson et al. in 2009 [68]. In this method, Ag nanoparticles were 
decorated onto InGaN QW samples by a synthetic method with the assistance of 
polydimethylsiloxane (PDMS). Figure 1.8 (a) shows the scanning electron 
microscope (SEM) image of the Ag nanoparticles in the PDMS film and Figure 
1.8 (b) shows the extinction spectrum of the assembled Ag nanoparticles. Three 
QW wafers (two with PL emission near 470 nm, one with PL emission near 370 
nm) were used for the relevant test. For the sake of brevity, Wafers A and B were 
the samples with a PL emission near 470 nm and Wafer C was the one with a PL 
emission near 370 nm. The PL emission of the QW located on this extinction 
spectrum is dominated by light scattering from the Ag nanoparticles. 
PL measurement results with and without Ag nanoparticles of Wafers A, B and C 
are shown in Figure 1.9 for the investigation of the Ag nanoparticle effect on PL  
 
Figure 1.9. PL spectra collected on Wafers: (a) A, (c) B and (e) C with no coating 
and with Ag nanoparticles/PDMS film; Wafers (b) A, (d) B and (f) C with no 





emission. Figures 1.9 (a), (c) and (e) present a comparison of the samples where 
the Ag decorated sample has the PDMS film on top (labeled as control films) and 
Figures 1.9 (b), (d) and (f) present a comparison of the samples where the PDMS 
films have been removed (labeled as uncoated films). As shown in the PL spectra 
of Wafers A and B, as the SPR wavelength matches the PL emission wavelength, 
the Ag decorated samples with no PDMS film exhibit PL enhancement (labeled as 
NP films) compared to the as-grown samples (labeled as uncoated films). 
However, Wafer C has no enhancement as the mis-match between SPR 
wavelength and PL wavelength results in no contribution to the PL emission. 
From the reports introduced above, metal nanoparticles have played a significant 
role in enhancing the PL emission of QW structures in a visible range. The 
employment of metal nanoparticles allows better flexibility for tuning the SPR 
wavelength than the employment of simple metal films. This flexibility in tuning 
the SPR wavelength can significantly contribute to enhancing the coupling 
efficiency of metal and QW light emitters. 
Limitations:  
 This SPR tuning or adjustment is only applicable within a certain 
wavelength range around the intrinsic SPR wavelength of metal materials. 
In J. Henson et al.’s work, the PL wavelengths of the InGaN QW samples 
were around 470 nm which is tunable within the SPR wavelength range of 
Ag [69]. In C. Y. Cho et al.’s work, the PL wavelength of the green LED 




range of Au [67]. If we intend to use SPs to excite light emitters with a PL 
wavelength in the near-infrared or infrared range, the simple use of metal 
nanoparticles may not be helpful even if they are able to induce SPR 
effectively in the visible range [2]. 
 SPR coupling is only localized in the near field of individual metal 
nanoparticles. As the metal nanoparticles are randomly distributed on a 
sample surface, no interaction occurs between the metal nanoparticles. 
Hence, the PL enhancement is generally restricted to the vertical direction 
in a sample. E-field oscillation between metal nanoparticles in plane 
which may occur in orderly-assembled or periodic patterns cannot be 
studied via that simple fabrication method [63, 65]. 
iii. Metal structure enhanced PL emission in near-infrared range 
To overcome the limitations of metal nanoparticles discussed above, the use of 
well-designed metal structures or plasmonic metamaterials provides an alternative 
solution. Plasmonic metamaterials with more complicated designs can allow SPR 
wavelengths beyond the visible range [70]. In 2009, E. Plumand and N. Zheludev 
et al. combined an asymmetric split-ring slit metamaterial to PbS semiconductor 
QDs to explore the plasmonic optical response induced by a nano-structured 
metamaterial [71]. A compensation of Joule loss in metal metamaterial arrays was 
found by optically pumping semiconductor quantum dots. Later in 2010, K. 
Tanaka and N. Zheludev et al. successfully achieved a multifold PL enhancement 




Figure 1.10 (a) shows a schematic structure of plasmonic metamaterials fabricated 
together with QDs immersed in a poly(methyl methacrylate) (PMMA) layer. The 
split-ring slit structure was fabricated onto a glass substrate first and then coated 
with a QD/PMMA. The QDs were excited from the metamaterial side and the PL 
spectra were collected from the same side. Figure 1.10 (b) shows the spectra of 
transmission T, reflection R and absorption A of a QD/metamaterial with the 
split-ring slit structure corresponding to different polarization directions. As 
shown in the spectra, due to the involvement of the Au split-ring slit, the SPR 
wavelengths of different curves are all adjusted to the infrared wavelength range 
but with a slight difference. This slight difference will be discussed in detail in 
Chapter 4 of this thesis. 
The PL emission of the QDs is distinguishably affected by the use of these 
plasmonic metamaterials of different sizes. Figure 1.11 shows the measured PL 
spectra of QD samples with and without the metamaterial structures accompanied 
by Guassian fitted PL curves. The absorptioan spectra of the metamaterials are 
shown in Figure 1.11. With a fixed slit width w = 65 nm and a fixed ratio of t/g=1, 
the cell dimension of the metamaterial structures gradually increases from D = 
545 nm to D = 645 nm, where D is the X direction length of the cell shown in the 
Figure 1.10 (b) inset. As shown in the measurement results, for the structure with 
an SPR close to the PL emission, the QDs show a multifold PL enhancement 
compared to the QDs without a metamaterial structure. In addition, as the cell size 





Figure 1.10. (a) Schematic structure of QD/PMMA layer combined with 
plasmonic metamaterials. (b) Optical spectra of transmission T, reflection R and 
absorption A of the structure corresponding to different polarization directions. 
The insets show a sketch of QDs in the resonant mode volume, as seen from the 
substrate side, and a scanning electron micrograph of the unit cell (without QDs). 
Feature sizes: unit cell D = 545 nm, horizontal slit a = 470 nm, top vertical slit 
and gap t = g = 170 nm, and slit width w = 65 nm [72]. Reproduced with 
permission. 
wavelength is extended. This extended distance can cause a weaker coupling 






Figure 1.11. Measured PL spectra of the QD sample with and without 
metamaterial structures (with different cell sizes) and corresponding fitted 
Gaussian curves (solid lines). Dashed lines are absorption curves for different 
conditions, respectively [68]. Reproduced with permission. 
Several other works have explored PL emission enhancement of QDs or local E-
field excitation with metamaterial structures in the near-infrared range. Placing a 
metamaterial structure near QDs will elevate the coupling between the SPR and 
light emission easily and efficiently [69, 73]. Nevertheless, there are very few 
reports about the effect of SPR on GaAs based semiconductor heterostructures, 
even though a metamaterial structure can create a relatively clear path to generate 






 The photoemission of III-V semiconductor heterostructures, especially 
GaAs based structures, are very sensitive to different fabrication processes. 
For InGaAs or AlGaAs/GaAs/AlGaAs QW samples with PL emission in 
the near-infrared range, the focused ion beam (FIB) lithography used in K. 
Tanaka’s work will have a high chance to bring defects to any sample and 
destroy the photoemission of the QWs [74]. By using metamaterials, 
although an effective coupling can be created, the PL intensity of a QW 
sample will decrease by a large ratio or simply disappear.  
 The high cost and low efficiency in fabrication remain as the main issue to 
restrict metamaterial applications. It is hard to fabricate large-scale 
metamaterial structures by the method in [70]. 
Hence, a proper method to create an effective coupling between SPR and GaAs 
based semiconductor is needed. Nanosphere lithography, nanoimprint lithography 
and laser interference lithography offer effective ways to fabricate periodic 
patterns with intentional designs over a large area [75]. Patterns fabricated by 
these methods will show SPR wavelengths in the near-infrared range [76, 77]. 
The SPR wavelengths can be further adjusted by embedding metal patterns with 
extra dielectric materials. This will later be explained in this thesis in greater 
detail. 




As has been introduced in this chapter, the SPR has the ability to confine a 
dramatic strong electromagnetic field in the vicinity of metal structures at 
resonant wavelengths. Thus, SPR induced electromagnetic field excitations have 
been explored for different applications in photoemission excitation, modification 
and enhancement of III-V group semiconductor heterostructures. However, 
existing methods to affect PL by SPR have limitations of low flexibility, low 
coupling efficiency or low fabrication efficiency for different metal structures as 
introduced earlier in this chapter. 
Hence, the motivation of the thesis is to find a flexible and convenient method to 
generate an effective coupling between plasmonic structures and semiconductor 
heterostructures, and take use of this coupling to modify the photoemission of 
heterostructures. 
This thesis mainly focuses on research pertaining to the SPR effect on PL 
modification and enhancement of III-V group semiconductor with two objectives: 
1. An effective coupling between a plasmonic structure and a semiconductor 
heterostructure is pursued. All the SPR induced modification and 
enhancement of semiconductors’ photoemission rely on this coupling 
effect. This coupling is easy to generate in the visible range as the intrinsic 
SPR wavelengths of metals lie in this range. For the near-infrared range, 
the coupling effect cannot be easily achieved by simply depositing metal 
films or decorating a sample with metal nanoparticles. The metal structure 




2. A convenient method is needed for effectively enhancing the PL. Different 
metal structures have been used for PL enhancement. The flexibility of 
tuning the SPR of a metal structure is one factor that might improve the 
coupling efficiency between a SPR and QW photoemission. PL 
enhancement for III-V semiconductor heterostructures will be achieved 
easily in this situation. 
1.4 Scope of this thesis 
For a better understanding of all experimental and simulation results shown in the 
thesis, the working principles of all fabrication, characterization tools and FDTD 
simulation method involved here are first briefly introduced in Chapter 2 before 
the main work of the thesis. 
In Chapter 3, an SPR coupling effect induced PL modification is studied. PL of an 
InGaAs QW sample is successfully modified by an effective coupling of a 
plasmonic structure and the QW sample. Through an optically induced thermal 
process, the bandgap of the QW shift is enhanced intentionally. 
In Chapter 4, an SPR induced PL enhancement of a semiconductor heterostructure 
in the near-infrared range is studied. The SPR is used to obtain localized optical 
gain and PL enhancement in an InGaAs QW sample. A convenient method to 
adjust the SPR wavelength is used to enhance PL in an InGaAs QW nanodisk 





In Chapter 5, an SPR assisted PL excitation and gain in a propagating mode is 
studied in the visible range. These propagative PL properties in an InGaN multi-
QW sample are illustrated by both near-field and free space characterization 
methods. Periodic metal gratings on top of a QW sample generate SPR 
oscillations along the lateral direction of a sample surface and cause this 
propagative property. 
In Chapter 6, accomplishments of the thesis are summarized. Future work and 





Chapter 2. Fabrication and characterization 
tools and simulation method 
For consistency in the explanations of experiments in subsequent thesis chapters, 
the main experimental tools used throughout this thesis for fabrication and 
characterization purposes are introduced here in advance. The basic working 
principles of the various tools are briefly illustrated. The simulation method of 
finite-difference time-domain (FDTD) used to explain and analyze some of the 
experimental results is also introduced. 
2.1 Fabrication tools 
2.1.1 Laser interference lithography 
Sub-micrometer and nanometer size fabrication can be realized by various 
methods such as photolithography, electron beam lithography (EBL), FIB 
lithography, template self-assembled methods, nanosphere assembled lithography 
and laser interference lithography (LIL) [75]. LIL, in particular, is widely used to 
fabricate periodic patterns without the use of extra photo-masks [78]. The method 
is simple in sub-microscale or even nanoscale patterning and is suitable for large-
area fabrication. 




Two coherent laser beams can create an interference pattern when they cross one 
another in a spatial region. Normally, the intensity of the interference pattern can 
be expressed as 
ܫ ൌ ܫଵ ൅ ܫଶ ൅ 2ඥܫଵܫଶ ൈ ܿ݋ݏ߮       (2.1) 
where I1 and I2 are the intensities of the two laser beams and φ is the phase 
difference between the two laser beams in the interference region. Due to the 
phase difference, a sinusoidal periodic pattern can be formed. The periodicity of 
this interference pattern depends on the wavelength of the two lasers λ and the 
angle relationship between the propagation directions of the coherent laser beams. 
There are several kinds of interferometer set-ups that have been invented for 
holographic pattern fabrication. Lloyd’s mirror interferometer, used for the 
fabrication of periodic patterns in this thesis, is one of the most widely-used set-
ups in LIL [79]. The patterning area could be over a square millimeter, a square 
centimeter, or even a square meter range. Moreover, the period of the pattern can 
also be simply controlled and adjusted by rotating the angle of the Bragg grating 
mirror and the sample holder. This will be discussed in detail in the following part. 
Figure 2.1 shows the schematic of the interferometer set-up used in the 
experiments of this thesis. In the set-up, a Helium-Cadmium (He-Cd) laser is used 
as a main light source, with a lasing wavelength of 325 nm. The output laser beam 
is guided into a focusing optical lens with the help of two optical mirrors. After 
the focusing, the laser beam passes through a pinhole of diameter 5 µm. The 





Figure 2.1. Schematic set-up of Lloyd’s mirror interferometer. 
holder placed perpendicular to the mirror’s surface are set at the exposure region. 
The boundary between the mirror and the holder are aligned to be on the optical 
axis of the beam. A periodic beam pattern is then formed at the sample’s region 
with a certain period described as 
߉ ൌ ߣ/ሺ2 ∙ sin	ሺߠሻ	ሻ       (2.2) 
where λ is the wavelength of the laser (325 nm), and θ is the angle between the 
optical axis and the surface of the Bragg mirror. According to Equation 2.2, the 
period of the interference can be simply adjusted by changing the angle θ with a 
fixed λ value. This means the period can be easily tuned by rotating the Bragg 
mirror; meanwhile the sample holder should be kept perpendicular to the mirror 
throughout the rotation. 
Several other configurations have also been explored to improve the resolution of 
patterning. Solid immersion in Lloyd’s mirror provides one way to achieve this, in 
which an extra solid-state layer is inserted between the mirror and the sample [80]. 




improved. However, for fabrication convenience in this project, no solid 
immersion was used in the fabrication of any of the periodic structures. 
ii. Lithography process 
The process of LIL is similar to a standard mask aligner photolithography process. 
Figure 2.2 shows a schematic diagram of the working principle of LIL. A layer of 
photo-sensitive material, usually photoresist, is first coated on the top surface of a 
sample. Either positive or negative resist can be used. 
Figure 2.3 shows the standard process flow for LIL with a positive resist used in 
this thesis. In fabrication with positive resist, a photoresist, such as S1805 
(manufactured by Shipley), with a high sensitivity to 325 nm wavelength light, 
can be employed. A thin layer of hexamethyldisilazane (HMDS) is first coated to 
improve adhesion between the photoresist and the sample surface. The adhesion 
 





Figure 2.3. Process flow of LIL with  a positive resist. 
promoter is deposited onto the sample via a gas phase treatment in an HMDS 
oven. Second, a dilute S1805 solution (S1805 : thinner = 2 : 3) is coated onto the 
sample by a spin-coater. A uniform photoresist layer with a thickness of 120±5 
nm is formed under these spin-coating conditions. Third, the photoresist-coated 
sample is pre-baked to dry the photoresist and remove excess solvent. Fourth, the 
well-prepared sample is then exposed under the laser interference light for a 
certain amount of time. Finally, a developer, microposit developer CD-30 
(manufactured by Shipley), is used to develop the exposed sample followed by a 
standard rinsing process. The finished sample is thus patterned with a periodic 




exposed sample’s surface, an oxygen plasma etch is used to treat the sample for a 
short time by reactive-ion etching (RIE). 
Figure 2.4 (a) shows SEM image examples of fabricated samples with one-
dimensional (1-D) grating patterns, fabricated by a simple one-time exposure 
process. The patterns can be also fabricated into a two-dimensional (2-D) dot 
array if a two-time exposure method is used. In that method, a sample is first 
exposed in one direction and then rotated along the optical axis by 90° for another 
exposure. After development, an orthogonally arranged 2-D dot array is formed as 
shown in Figure 2.4 (b). Afterwards, in order to form metal or dielectric patterns, 
different metals or dielectrics can be deposited onto the photoresist pattern 
followed by a lift-off process. Resist remover 1165 (manufactured by Shipley) is 
used to lift off S1805. Acetone can also be an alternative choice for lift off. 
As shown in Figure 2.5, for fabrication using a negative resist, an extra anti-
reflective coating (ARC) layer is used to help increase the thickness of the final 
 
Figure 2.4. SEM images of fabricated samples with (a) 1-D grating patterns 





pattern. This additional layer is necessary for the final lift-off as the thickness of 
the negative resist is typically only 60 nm (thin resist for nanoscale lithography), 
which is very difficult to strip off. This additional ARC layer needs to be removed 
by oxygen plasma etching after the resist is developed.  
Figure 2.6 shows the process flow by using a negative resist. At first, an ARC 
layer is spin-coated onto the sample. Second, the sample is pre-baked on a hot 
plate. Third, a negative resist, NR7-200P, is spin-coated over the ARC layer. 
Fourth, a soft-bake process is followed to dry the photoresist and remove excess 
solvent. Fifth, the sample is exposed under the laser interference beam for a 
certain time to form a 1-D grating. A second orthogonal exposure can also be 
used for this negative resist to fabricate a 2-D pattern. Sixth, a post-exposure bake 
process is carried out. (The reason for this post bake is that in deep ultraviolet 
 





Figure 2.6. Process flow of LIL with a negative resist. 
lithography, the exposure reaction can create an acid which makes the polymer 
soluble in the photoresist developer. The whole photoresist would then be washed 
away and no pattern would remain without the post-exposure bake.) Seventh, the 
sample is developed by RD 6 solution (RD 6 : DI water = 3 : 2) to form a periodic 
negative resist pattern above the ARC layer. Finally, an oxygen plasma etch is 
used to treat the sample and expose the surface of the substrate as described in 
Figure 2.5. 
In this thesis, LIL is employed for the fabrication of 1-D and 2-D orderly-
arranged patterns. 1-D grating patterns are fabricated by using positive resist, 
which will be introduced in Chapter 5. The period of the grating pattern is 




for the work in Chapter 4. The period of the 2-D array is typically 290 nm. Details 
will be discussed in each chapter. 
2.1.2 Electron-beam evaporation 
Electron-beam evaporation (e-beam evaporation) is a kind of physical vapor 
deposition for evaporating different kinds of metal and dielectric materials in a 
vacuum environment [81]. In a typical e-beam evaporator, target materials are 
bombarded by an e-beam and evaporated from a crucible in a gaseous phase. 
Unlike other chemical vapor deposition methods, these vapors are deposited onto 
the sample at a relatively low temperature, but can still form a uniform film layer 
with a certain thickness. 
Figure 2.7 shows a schematic diagram of an e-beam evaporator and its basic 





Figure 2.7. Schematic diagram of an e-beam evaporator and the deposition 
mechanism. 
deposition process must be performed in a vacuum environment. A rough pump 
and a turbo pump connected to the main deposition chamber are equipped to 
evacuate the chamber and generate a vacuum (< 1~2×10-6 Torr) for deposition. A 
crucible filled with deposition material is located below a sample holder. As 
shown in Figure 2.7, an e-beam is generated and accelerated from a filament 
electron gun. The filament is kept a certain distance from the source target to 
avoid potential chemical interactions. An external magnetic field is used to direct 
the e-beam onto the top surface of the target. Material inside the crucible is then 
bombarded and heats up to an extremely high temperature. When the temperature 
reaches a sufficiently high level and the vacuum in the chamber is at an 




controllable by adjusting the energy of the electron beam. A crystal detector is 
employed near the sample position to monitor the real-time deposition rate and 
the current film thickness. The sample holder is mounted on a rotator to ensure 
good film uniformity during the deposition. 
Figure 2.8 is the e-beam evaporator, a Denton system, used in this work. Metal 
and dielectric materials such as Au, Ag, Ti, Pd, Cr, Ni, SiO2 and MgF2 can be 
deposited in this particular system. The vacuum can reach 1×10-6 Torr or lower, 
which is low enough for high quality film deposition. The deposition rate varies 
from 0.1 Å/sec to several Å/sec to meet different deposition requirements. 
 
 




In this thesis, e-beam evaporation is used for all deposition of metals. A 15 nm Ag 
film is deposited for Ag particle fabrication in Chapter 3. A 20 nm Au film is 
deposited on a LIL fabricated pattern to form a 2-D ordered Au array in Chapter 4. 
10 nm and 50 nm Ag films are deposited on LIL fabricated grating structures in 
Chapter 5. In addition to metal materials, 20 nm, 180 nm and 200 nm SiO2 layers 
are deposited onto an InGaAs QW sample for plasmonic structure fabrication in 
Chapter 3. 
2.1.3 Rapid thermal annealing 
Rapid thermal processing of semiconductors is widely used in manufacturing [82]. 
RTP can heat wafers to high temperatures (up to 1200 °C or even higher) in a 
short time and to hold at these temperature for a certain time duration. RTP is 
normally categorized into different types, such as rapid thermal annealing (RTA), 
rapid thermal oxidation, rapid thermal nitridation (and oxynitridation), rapid 
thermal diffusion and rapid thermal chemical vapor deposition, for different 
applications. Among the above types, RTA is widely used in semiconductor 
fabrication to intentionally change the structure and the electrical properties of 
wafers. RTA is usually carried out by heating a wafer or a sample with a halogen 
lamp-based heating source. Hence, unlike common furnace anneals, an RTA 
duration can be flexibly controllable and is readily repeatable. 
Figure 2.9 shows a schematic diagram of a typical RTA system, the MILA-3000, 
which is used for all the RTA processes in this work. The RTA furnace is 




environment generation. With these tubes, the annealing environment inside the 
furnace can be controlled. Several halogen lamps are located inside the furnace 
around the sample position for heating purposes. These halogen lamps have a 
tunable photoemission flux covering a wavelength range from the visible to the 
infrared. In a conventional RTA process, thermal energy is obtained from light 
energy absorbed by the sample. A thermocouple is hung above the sample for 
temperature monitoring inside throughout the RTA process. The temperature 
indicator is part of a feedback control system for adjusting photoemission flux of 
the halogen lamps for heating acceleration, temperature stabilization and cooling 
speed. With the help of this process, different annealing recipes with various 
 
Figure 2.9. Schematic diagram of a MILA-3000 RTA system. 
heating accelerations, stabilizing temperatures and annealing durations are easily 
achieved. After the heating process, the furnace and the sample are cooled down 




In this thesis, RTA is used for annealing Ag films at a temperature of 480 °C for 3 
minutes to form Ag nanoparticles on top of a sample in Chapter 3. QW 
intermixing processes are carried out for different structures covering QW 
samples by RTA in Chapter 3 as well. 
2.2 Characterization tools 
2.2.1 PL measurement 
Measurement of PL is important for testing of optoelectronic devices and 
structures. Figure 2.10 shows the schematic set-up for measuring low-temperature 
PL used in this thesis. In the set-up, an Ar-ion laser with a selectively tunable 
wavelength (488 nm, 514 nm, 520 nm, 530 nm, 568 nm or 640 nm) is used as a 
pump. The pump laser is aligned and focused onto the sample position by mirrors 
and a focusing lens. The input laser is modulated by an optical chopper at a 
controlled frequency, after which it shines onto the sample.  
The test sample is fastened onto a brass-made sample holder inside a helium 
cryostat by silica gel for high-efficiency heat transfer to guarantee accurate 
temperature control at the sample position. Liquid He is employed to cool the 
temperature inside the cryostat. The cryostat is connected to a temperature 
controller and a compressor to create any required temperature between 4 K and 
300 K. 
The PL excited by the laser is aligned with two optical lenses and is focused into a 





Figure 2.10. Schematic diagram of a low-temperature PL measurement set-up. 
a photomultiplier tube (PMT) to acquire the PL signal. Then, a lock-in amplifier 
is used for signal processing and data analysis. Herein, the optical signal which is 
at the same frequency as that modulated by the chopper will be largely amplified. 
Hence, the signal-to-noise ratio is thus increased. 
In this thesis, all low temperature (5 K) PL measurements for samples after QW 
intermixing are carried out with this set-up in Chapter 3. PL of samples with a Au 
capped QW disk structure is also measured by this system in Chapter 4. 
2.2.2 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a characterization method extensively 




samples. SEM uses a focused e-beam with high energy to generate different 
physical phenomena (secondary electrons, cathodoluminescence, back-scattered 
electrons and X-rays) at the sample surface. Signals produced by the electron-
sample interaction provide surface information about the sample. Figure 2.11 (a) 
shows a photo of the Nova NanoSEM 230 used in this thesis. 
As shown in the schematic of a standard SEM in Figure 2.11 (b), the initial 
energy of the e-beam ranges from 200 eV to 40 keV. Condenser lenses are used to 
focus the e-beam to a spot a few nanometers in diameter on the sample surface. A 
set of scanning coils is used between the condenser lenses and sample for square-
area scan control and magnification control.  
In a basic SEM system, a secondary electron detector is used to detect the electron 





Figure 2.11. (a) Nova NanoSEM used in this work. (b) Schematic of a standard 
field emission SEM. 
generated by the scattering of the incoming focused electrons and the weakly 
bound outer electrons in the sample. Due to energy limitations, only the secondary 
electrons close to the sample surface can escape the sample and thus be detected. 
In this thesis, SEM is employed to reveal surface information from samples 
fabricated with different plasmonic structures. Figure 2.12 shows an SEM 
example of a sample surface covered by a 2-D ordered Au array. This pattern is 
fabricated by LIL and used in Chapter 4 for further fabrication of plasmonic 
structures on a QW sample. The structure information, such as dimension of the 
Au particles and period of the array, can be clearly seen in the image. This 





Figure 2.12. SEM image of a sample covered by 2-D ordered Au array fabricated 
via LIL. 
experiments in this thesis. With the help of an observation of the surface 
information, measurement results of samples can be explained easily and 
accurately. 
2.2.3 Ultraviolet-visible-near-infrared spectrophotometry 
Spectrophotometry is an optical characterization technique widely used to 
measure samples’ spectral properties such as transmission, reflection and 
absorption as a function of wavelength. A spectrophotometer contains a broad 
band light source and a photodetector efficiently matched to the wavelength of the 
source. A diffraction grating is present to separate the light into a spectrum. 
Photodiodes or photomultiplier tubes are the most commonly used single 
wavelength detectors; charge coupled devices (CCDs) are normally used for 
multi-wavelength detection.  
Figure 2.13 (a) shows the optical path and Figure 2.13 (b) shows the Craic 





Figure 2.13. (a) Schematic diagram of reflectance and transmittance measurement 
of a sample in a spectrophotometer. (b) Craic Ultraviolet-visible-near-infrared 
micro-spectrophotometer. 
ultraviolet-visible-near-infrared range. The reflectance of a sample can be 
expressed as: 
ܴ ൌ ܫ௥/ܫ଴	 	 	 	 					(2.3) 
where Ir is the reflected light intensity or photon count of the test sample, I0 is the 
reflected light intensity or photon count of a reference sample. An Al mirror 
is usually used as a reference. 
The transmittance of a sample can be expressed as: 
ܶ ൌ ܫ௧/ܫ଴          (2.4) 
where It is the transmitted light intensity or photon count of the test sample, and I0 




transparent sample such as a glass slide or a quartz sample is usually regarded as a 
“perfect” reference sample in transmittance measurements. A measurement 
without a sample present can also be an option for a reference. 
The absorbance of a sample can be expressed as: 
ܣ ൌ െlogଵ଴ሺܫ௧/ܫ଴ሻ        (2.5) 
where It and I0 are defined above. 
In the thesis, reflectance spectra of plasmonic structures (a SiO2-metal-SiO2 
structure in Chapter 3 and a Au capped nanodisk array in Chapter 4) fabricated on 
QW samples are measured by this microspectrophotometer. 
2.3 Finite-difference time-domain simulation method  
The finite-difference time-domain (FDTD) method is a numerical simulation 
technique used for electrodynamics modeling [83]. This method was first reported 
by Kane Yee in 1966 for numerically analyzing the E-field in a spatial domain 
[84]. In the FDTD method, Yee used central difference approximations on grids 
staggered in space and time to solve the partial derivatives in Maxwell’s curl 
equations. 
Unlike many electromagnetic simulation methods in the frequency-domain (such 
as the finite element method, the finite-difference frequency-domain, the method 
of moments and the fast multipole method), the FDTD method is a time-domain 
method which can handle multiple frequencies in a single simulation. Simulations 




achieved with this method. In addition, the FDTD method is based on discrete 
grid-based modeling which can be freely changed in different simulation regions. 
This flexibility allows grid steps to be either fine for certain small and complex 
regions or rough for a fast simulation speed. 
The FDTD algorithm is based on the following fundamental principles: 
 The core principle of the FDTD is rooted in Maxwell’s equations, partial 
differential equations and related approximations.  
 In Maxwell’s equations, Faraday’s law and Ampere’s law as shown in the 
following Equations 2.6 and 2.7 are used to represent changing an E-field 
and a magnetic field (H-field) in time and space. 
׏ ൈ ܧሬԦ ൌ െ డ஽ሬԦడ௧  (Faraday’s law)     (2.6) 
׏ ൈ ܪሬԦ ൌ ܬԦ൅ డ஽ሬԦడ௧  (Ampere’s law)     (2.7) 
 Finite differences used to help calculate the E- and H-fields are based on 
the central difference formula expressed as 
ௗ௙ሺ௫ሻ
ௗ௫ ൌ ݂ᇱሺݔሻ ≅
௙ሺ௫ା∆௫ሻି௙ሺ௫ି∆௫ሻ
ଶ∆௫            (2.8) 
with second order accuracy. 
With these basic principles, the main algorithm of FDTD is established by solving 




a three dimensional spatial area. The curl equations can be re-expressed as six 
















































డ௫ ሻ .      (2.14) 
These curl equations of the FDTD algorithm are solved in what is known as Yee’s 
cell [84]. As can be seen from the six equations, the E-field change in time 
domain can be expressed by the H-field change in a spatial domain and vice versa. 
In the FDTD algorithm, Maxwell’s equations are solved by discretizing the 
equations via central differences in both space and time. Figure 2.14 shows a 
schematic of Yee’s cell. As can be seen in Figure 2.14, the E- and H- fields are 
calculated at points on a grid in Yee’s cell. Time is divided into discrete steps Δt 
in the calculation. The E-field is calculated at times t=nΔt and the H-field is 
calculated at t=(n+0.5)Δt, where n is an integer representing time. Hence, the E-





Figure 2.14. (a) Schematic structure of Yee’s cell [85]. 
ΔE. ΔE can be obtained from the above curl Equations 2.9-2.11 of the H-field at 
time t. 
In Yee’s cell, the E and H values4 alternate every half cell step in space. Take for 
instance Equation 2.9 in a Yee cell; the discretized version of the equation is 






∆௭        (2.15) 
where i, j and k are discrete spatial coordinates. Hence, Exn+1 can be calculated 
with the help of this equation by knowing the value of surrounding E- and H-
fields. Thus, the E- and H-fields of every point in a simulation region can be 
obtained from a simulation run by providing an initial electromagnetic excitation. 
In this thesis, FDTD simulations are conducted by software from Lumerical 
Solutions which is widely-available commercial software. Optical properties such 
as spectral response (reflectance, transmittance and absorption) and E-field 




and 4 are simulated by this software. Figure 2.15 shows an example of Lumerical 
simulation results on a Au capped QW nanodisk sample which will be discussed 
later (details will be introduced in Chapter 4). Figure 2.15 (a) shows a schematic 
of a Au/disk structure on a GaAs substrate. As can be seen from the figure, a light 
source is placed above the structure and detectors for reflection, transmission and 
E-field measurement are placed around the structure. Figure 2.15 (b) shows a 
cross section of an E-field distribution of the Au/disk structure at a wavelength of 
930 nm. Figure 2.15 (c) shows reflectance, transmittance and absorbance spectra 
and E-field intensity at the QW position in the Au/disk structure. 
 
 
Figure 2.15. (a) Schematic structure of the Au/disk structure. (b) Cross section of 
an E-field distribution in the structure. (c) Reflectance, transmittance, absorbance 





In this chapter, the main fabrication and characterization tools used in this thesis, 
such as LIL, e-beam evaporation, RTA, PL, SEM and micro-spectrophotometry 
are introduced. The basic calculation principle of FDTD was briefly presented as 
well. With the help of these tools, different metal structures can be simulated and 
fabricated in an effective and convenient way, as all the tools available can be 
used for large-scale fabrication. Hence, for generating an effective coupling 
between SPR and a semiconductor, periodic and randomly arranged patterns are 
fabricated in the following Chapters 3, 4 and 5 for influencing the PL of 
semiconductor samples. Lumerical FDTD is used to explain and understand 




Chapter 3. Effect of SiO2-Metal-SiO2 
plasmonic structures on InGaAs quantum 
well intermixing 
3.1 Background 
As introduced in Chapter 1, plasmonic structures fabricated on semiconductors 
have various optical applications such as light trapping in photovoltaic devices, 
fluorescence enhancement and stimulated emission excitation in optoelectronic 
materials [86-90]. The optical performance of materials can be enhanced by an 
effective coupling between SPR and semiconductors. Once coupling is effectively 
generated, the photoemission of semiconductor materials can be easily modified. 
In this chapter, this coupling effect is used to modify the bandgap of an InGaAs 
QW sample via an optically induced thermal process. With the help of metal 
structures, the bandgap modification is intentionally enhanced. This enhancement 
in this bandgap modification is shown in terms of a larger PL shift. 
The SPR has contributed to performance improvement of semiconductor 
optoelectronic materials in many aspects. However, in spite of the advantages of 
plasmonic structures, their optical applications may cause undesired ohmic losses 
[91]. In general, the incorporation of metal materials can cause photon-to-thermal 




performance [92]. Fortunately, this conversion is beneficial for certain 
semiconductor applications, for instance, QW intermixing. 
3.1.1 Background of quantum well intermixing 
QW intermixing is a powerful technique for modifying the band gap of QW 
structures, being widely studied and used in the fabrication of monolithic 
integrated photonic devices [74, 93-95]. In a standard QW intermixing process, 
the QW band energy is selectively modified due to the interdiffusion of atoms 
through the vicinity of a QW region [93]. As shown in Figure 3.1, this diffusion 
can convert a well-defined QW with sharp boundaries into a diffuse one. For 
example, in an example InGaAs single QW structure, the concentration of In 
atoms changes sharply across the barrier/well interface in an as-grown sample 
illustrated in the diagram in Figure 3.1 (a). After high temperature annealing,  
 
Figure 3.1. (a) Original band diagram of a single QW structure before QW 
intermixing with a bandgap energy of Eg1. (b) Modified band diagram after QW 




the atoms diffuse to regions of lower concentration and form a gradient 
distribution in the vicinity of the barrier/well interface as shown in Figure 3.1 (b). 
This annealing induces an increase in bandgap energy and thus causes a blue-shift 
in PL emission. This is called QW intermixing. 
With the help of QW intermixing, monolithic integration of various 
optoelectronic devices in photonic intergrated circuits (PICs) can be realized 
easily, such as bandgap-tuned modulators, multiple-wavelength lasers and low-
loss optical waveguides. As the fabrication of these devices requires tunable 
bandgaps on a single chip, several approaches have been developed to control the 
bandgap on a single semiconductor wafer. Selective epitaxial growth and 
etching/regrowth are two common methods to modify the bandgap. However, the 
complexity of growth and regrowth on selective areas of a wafer is a key problem 
that makes growth conditions hard to control. QW intermixing provides a fast 
way to form bandgap differences across a single wafer. It allows the fabrication of 
bandgap-tuned modulators, bandgap-shifted lasers and low-loss optical 
waveguides in a single-step modification. 
Impurity induced disordering, laser-induced disordering and impurity-free 
vacancy disordering (IFVD) are the mostly common QW intermixing techniques. 
In the impurity induced disordering technique, an impurity material (normally F 
or B in the form of ions for GaAs/AlGaAs material system) is diffused into the 
QW wafer followed by annealing to induce disordering. However, traps brought 
by the impurities and related damage during implantation destroy the optical 




and lasers. Laser-induced disordering carried out by a high-power laser provides 
another method of QW intermixing with high selectivity on a QW structure. A 
focused laser beam that reaches a certain area of the sample surface can melt the 
surface layer and recrystallize that area of semiconductor. However, the 
recrystallized area is always of lower quality than that of the as-grown structure. 
Among these methods, IFVD has proven to be a simple and effective method for 
InGaAs QW intermixing with minor side effects on the crystal quality and optical 
performance. SiO2 dielectric capping layers are usually employed in IFVD to 
enhance the QW intermixing at elevated temperatures. SiO2 layer can induce a Ga 
diffusion into SiO2 and result in Ga vacancies near the sample surface. These 
vacancies will then lead to an enhancement in In and Ga interdiffusion in the 
sample and cause QW intermixing. However, the level of selectivity is a problem 
in IFVD for device fabrication. This is because the interdiffusion also intends to 
occur in the no SiO2 area if this area is close to the SiO2 area. Different works 
have been done to improve the selectivity of QW intermixing via IFVD. Periodic 
SiO2 structures, Al films and SrF2 materials have been introduced to avoid Ga 
diffusion and subsequently suppress the QW intermixing [94, 96-98]. 
3.1.2 Motivation 
In the IFVD selective QW intermixing process, the bandgap energy in different 
regions can be modified over a single wafer. Covered by different protective 
capping layers, some areas on a sample can be intentionally modified, while other 
areas remain unmodified. Nevertheless, instead of increasing the selectivity level 




intermixing in metal covered areas can also contribute to a better selectivity 
across a single sample. Although IFVD can already create an enhanced QW 
intermixing environment for a sample, the employment of plasmonic structures 
offers a potential possibility to achieve further enhancement. 
Moreover, in RTA with halogen lamps as heat sources, local light absorption and 
reflection will affect local sample temperature, which will further affect the level 
of QW intermixing across a sample. Physically, the photon-thermal conversion 
disadvantage of having a metal plasmonic structure can be an advantage in QW 
intermixing.  In this chapter, on the basis of IFVD assisted QW intermixing, a 
novel method to control and enhance the QW intermixing via the assistance of 
plasmonic structures is developed. For this demonstration, dielectric-metal-
dielectric plasmonic structures with metal particles and gratings sandwiched by 
dielectrics are fabricated on InGaAs single QW samples. QW intermixing 
enhancement is observed in the plasmonic sample compared to the control sample 
that has only SiO2 dielectric on top. This enhancement in QW intermixing can be 
used to pursue a better selectivity in the IFVD technique and related 
optoelectronic device fabrication [99]. 
3.2 Design and fabrication of SiO2-metal-SiO2 structures 
In this experiment, two InGaAs single QW samples, having the same 
GaAs/InGaAs/GaAs structure but slightly different In compositions in the 





Figure 3.2 (a) Schematic diagram of InGaAs single QW sample. (b) Schematic 
diagram of the SiO2-metal-SiO2 structures on InGaAs QW sample. 
nm and the other one at 956 nm. As shown in Figure 3.2 (a), the InGaAs QWs, 8 
nm in thickness, capped with 20 nm of GaAs, were grown by molecular beam 
epitaxy (MBE) on GaAs (100) substrates. The thickness of the GaAs capping 
layer was so designed to ensure an effective light coupling between the metal and 
the QW layer. 
Two different SiO2-metal-SiO2 structures were fabricated on top of the InGaAs 
QW samples, as shown in Figure 3.2 (b). Both the SiO2 and the metal layers were 
deposited by e-beam evaporation. For the sake of brevity, hereafter, the QW 
sample with 920 nm PL emission covered by SiO2-Ag-SiO2 will be referred to as 
Sample A and the QW sample with 956 nm PL emission covered by SiO2-Au-
SiO2 will be referred to as Sample B.  
For sample A, the SiO2 layer firstly deposited above the GaAs cap layer, 20 nm 




high-temperature annealing which is later needed. A 15 nm Ag film was then 
evaporated and annealed under N2 atmosphere at 480 oC for 3 minutes to form 
randomly assembled Ag particles. This annealing temperature is lower than the 
growth temperature (>500 °C) of the QW structure so that the QW structure 
would not be affected by the annealing process. Finally, the second SiO2 layer, 
180 nm in thickness, was deposited onto the Ag particles to maintain the IFVD 
effect. 
Sample B has a similar SiO2-metal-SiO2 sandwich structure, except for a 15 nm 
thick periodic Au grating structure. This Au grating fabricated by LIL was used 
as the metal layer in Sample B instead of Ag. The period of the grating was 290 
nm and the grating duty cycle was set to 50%. The dimensions of the grating and 
the duty cycle ensure a plasmonic effect inside the structure and also reduce 
potential impact to the IFVD process during QW intermixing. Control samples 
for A and B have solely a 200 nm thick SiO2 layer on the QW structures without 
any metal structures. As two different as-grown QW samples are used to fabricate 
Ag and Au structures on top, the control sample of Sample A will be named 
Control A and the control sample of Sample B will be named Control B. 
The reason for the selection of Ag particles and Au grating is shown as follows. 
Random Ag particles could be fabricated via an RTA process, which is 
considered to be an easy way to obtain a wide absorption pattern. However, in 
comparison to random particles, the fabrication of a periodic array is not suitable 




be 15 nm, Ag would tend to form a film full of Ag grains instead of a uniform 
film with high quality. Au, which is another popular metal for plasmonic studies, 
is able to form a good film with a 15 nm deposition thickness. What is more, 
during the intermixing process, as Au oxide is very hard to be formed even under 
a very high temperature, there is no related suppression effect caused by the Au 
grating. For Ag particles, although AgO can be easily formed under elevated 
temperatures, the amount of Ag particles used here is of very small amount 
compared to the experiment using metal oxide to suppress QW intermixing [100]. 
Hence, Ag particles and Au grating were chosen here. 
QW intermixing was carried out in a MILA 3000 RTA furnace (ULVAC) 
equipped with a halogen lamp array, which has tunable photoemission 
intensity/flux in the visible-to-infrared wavelength range. Samples A, B and the 
control samples went through RTA side-by-side in the chamber at the same time. 
The RTA temperature was 850 oC and the annealing duration was 3 minutes to 
achieve a sufficient QW intermixing process. To eliminate the potential effect of 
the cap structure layers on the PL measurements, HF solution (10%) was used to 
remove the top SiO2 layer and the metal after the annealing process. PL spectra of 
the samples were collected at 5 K to study the effect of QW intermixing induced 
by different plasmonic structures. 
3.3 Quantum well intermixing results and discussion 
Reflectance spectra for Sample A, Sample B and their control samples were 




before the QW intermixing process. Figure 3.3 shows the reflectance spectra 
collected from the SiO2-metal-SiO2 and SiO2 coated InGaAs QW structures 
before the intermixing process. The insets of Figures 3.3 (a) and (b) are SEM 
images (top-view) of the Ag particles and the Au gratings recorded before the 
deposition of the second SiO2 layer. 
In Figure 3.3 (a), a larger optical absorption is observed in the Sample A as 
compared with that of Control A, especially in the wavelength range of 550-900 
nm. This wavelength range is important for light absorption in the InGaAs 
sample under halogen lamp illumination (to be discussed later). The SPR of the 
SiO2/Ag/SiO2 structure manifests itself as a significant drop in reflectance within 
this wavelength range (see the circled area in Figure 3.3 (a)). In a normal 
situation, the intrinsic SPR oscillation of Ag lies at a wavelength around 450 nm 
in air or in a vacuum environment. As the refractive index of the surroundings 
increases, this SPR wavelength shifts to longer wavelengths. The use of 
sandwiching SiO2 in the structure contributes to the refractive index increase and 
leads to a red-shift in the SPR. The observed reflectance drop, ranging from 550 
to 870 nm, covers a broad band. This is due to the large size distribution of the 
non-uniform Ag particles as seen in the SEM image presented in the inset of 
Figure 3.3 (a). On the other hand, in Figure 3.3 (b), the reflectance spectrum does 
not exhibit any apparent additional light absorption in Sample B. On the contrary, 






Figure 3.3. (a) Reflectance spectra of InGaAs QW structures with SiO2-Ag-SiO2 
(Sample A) and SiO2 capping, respectively. The inset is a typical top-view SEM 
image of the annealed Ag-particle layer recorded before deposition of the second 
SiO2 layer. (b) Reflectance spectra of the InGaAs QW structures with SiO2-Au-
SiO2 (Sample B) and SiO2 capping. The inset is an SEM image of the Au grating 
pattern recorded before the deposition of the second SiO2 layer. 
Figures 3.4 (a) and (b) show the PL spectra of Samples A and B as well as the 
spectra of Controls A and B, respectively, after the QW intermixing process. All 
the PL spectra were collected after the SiO2-metal-SiO2 and SiO2 structure were 
removed by HF solution. PL spectra collected from the as-grown samples are 
presented for comparison. The PL intensities are normalized for more easily 




nm has been caused by the SiO2-Ag-SiO2 plasmonic structure in Sample A, larger 
than that caused by the conventional SiO2-coating induced blue-shift (34.7 nm) 
via IFVD. However, as shown in Figure 3.4 (b), the PL shift of Sample B is only 
13.25 nm, much smaller than that induced by Control B (40.72 nm). In addition, 
the increases in full width at half maximum (FWHM) of the PL peaks after QW 
intermixing are nearly the same for the InGaAs QW sample with plasmonic 
structure coating and sole SiO2 coating. As shown in Figures 3.4 (a) and (b), 
compared with the SiO2 coated structure, the use of the metal structure did not 
introduce any noticeable additional crystal imperfections to the QW structure 
during the intermixing process.  
The Ag structure induced PL shift enhancement and the Au structure induced PL 
shift suppression observed above indicate different local temperatures on the QW 
samples during QW intermixing, which is related to different light absorption 
efficiencies of the structures. This absorption can directly affect the conversion of 
energy from light to heat during the RTA process. For Sample A (SiO2-Ag-SiO2 
structure) according to Figure 3.3 (a), more light may be trapped beneath the 
metal structure which enhances the phonon-to-heat conversion therein, especially 
over a wavelength range of 550-900 nm. Meanwhile, the InGaAs QW sample has 
a large absorption efficiency within this wavelength range. The absorption 
enhancement of Sample A likely resulted in QW intermixing enhancement. For 
Sample B (SiO2-Au-SiO2), the top metal structure blocks and reflects a large 





Figure 3.4.  Normalized PL spectra collected at 5 K from the QW structures after 
RTA with (a) SiO2-Ag-SiO2 (Sample A) and SiO2 capping (Control A) (b) SiO2-
Au-SiO2 (Sample B) and SiO2 capping (Control B). The PL spectra of the as-
grown samples for both cases are also presented for comparison. 
reflection reduces the thermal energy flowing to the QW structure during the 
RTA process. Comparing to the control sample with solely SiO2, the amount of 
SiO2 contributing to the IFVD process is also less. The QW intermixing induced 
blue shift is thus significantly suppressed in Sample B from 40.72 nm to 13.25 
nm. 
This plasmonic enhanced QW intermixing is further supported by theoretical 




range of 40 nm to 160 nm, three typical Ag sizes of 60 nm, 100 nm and 140 nm 
were chosen for numerical analysis. In a 3-D simulation, a normally-incident 
light source is set above the structure with perfect matched layer (PML) boundary 
conditions in all directions. To simplify the simulations, the differences in the 
refractive index n and extinction coefficient k between InGaAs and GaAs were 
neglected. This simplification is reasonable because the InGaAs layer is only 8 
nm thick. Then, the SiO2-Ag-SiO2 structure is built on a GaAs bulk for the 
simulation. The n and k data of Ag were obtained by fitting those cited from the 
Palik database over the visible-infrared wavelength range [101]. The n and k of 
SiO2 are set to 1.47 and 0, respectively, over the whole simulated wavelength 
range. Figure 3.5 shows a schematic diagram of the Lumerical simulation set-up 
of a SiO2-Ag-SiO2 structure on a GaN substrate. 
 
Figure 3.5. Schematic diagram for Lumerical simulation of a SiO2-Ag-SiO2 




Figure 3.6 shows the calculated depth-distribution of E-field in the SiO2-Ag-SiO2 
structure, for each of the representative 60 nm, 100 nm and 140 nm Ag particles 
at their specific SPR wavelengths of 640 nm, 752 nm and 936 nm, respectively. 
The E-field distributions of Control A without the Ag particles are also presented 
for comparison. The color bars on the right provide an intensity scale of the E- 
 
Figure 3.6. Cross-sectional depth-distribution of E-field intensity (arbitrary units) 
in the SiO2-Ag-SiO2 on GaAs structure. (a) 60 nm, (b) 100 nm and (c) 140 nm 
Ag particles at their specific SPR wavelengths of 640 nm, 752 nm and 936 nm, 
respectively. All the dimensional units of the x and y axes are in nanometers. 
Depth-distributions of E-field in SiO2/GaAs without Ag particles are shown at 




field. An increased E-field surrounding each Ag particle, shown as a hot spot in 
the figures, especially in the region below the Ag particles, increases light 
absorption in this SPR wavelength range. As InGaAs and GaAs related materials 
have large absorption efficiencies within the VIS-NIR range, such E-field 
localized effects can benefit the photon-heat conversion that in turn enhances the 
QW intermixing. 
Figures 3.7 (a) & (b) show the calculated depth-distribution of E-field in the 
SiO2-Au-SiO2 and SiO2 structures at 900 nm wavelength. This wavelength is 
selected as it is close to the SPR wavelength of the structure involving Au. As 
shown in the simulation results, the existence of Au did not contribute to any E-
field enhancement at the QW position compared to the sample without any Au 
involved. Instead, the E-field intensity exhibits an enhancement in the near-field 
region of the Au gratings. Figures 3.7 (c) & (d) show the E-field at the QW 
positions of the samples with and without Au involved as a function of 
wavelength. The results further reveal that within the visible to near-infrared 
range, no E-field intensity enhancement can be observed throughout the optical 
spectrum. Hence, the localized effect of Au SPR made no contribution to the 





Figure 3.7. (A) Cross-sectional depth-distribution of E-field intensity (arbitrary 
units) in the SiO2-Au-SiO2 on GaAs structure. (B) Cross-sectional depth-
distribution of E-field intensity (arbitrary units) in the SiO2 on GaAs structure. (C) 
& (D) Spectra of E-field intensity at the QW positions of (A) & (B) as a function 
of optical wavelength, respectively. 
3.4 Conclusion 
Plasmonic structures to control QW intermixing in an InGaAs QW structure have 




sample coated with the SiO2-Ag-SiO2 structure than that of solely SiO2. This QW 
intermixing enhancement is attributed to light absorption improvement and thus 
enhanced photon-to-heat conversion by the SPR. On the other hand, QW 
intermixing is largely suppressed in an InGaAs QW by a SiO2-Au-SiO2 structure. 
The peak wavelength difference after QW intermixing for the sample with SiO2-
Au-SiO2 and that with only SiO2 is about 27.47 nm. This suppression effect is 
attributed to the enhanced light reflection character of the SiO2-Au-SiO2 structure. 
This coupling effect between the SiO2-metal-SiO2 plasmonic structure and the 
QW sample turns the disadvantage of metal absorption into an advantage in 
photon-to-heat conversion. The combination of plasmonic structures and QW 
structure creates a QW intermixing enhancement in a localized region with metal 
particles, which can be regarded as a supplement to the IFVD technique. This 
QW intermixing enhancement provides a new path towards improving the 
selectivity of the IFVD technique over a single semiconductor wafer. With this 
selectivity improvement, bandgap modification using IFVD can be a more 
convenient process and bandgap-tuned modulators, bandgap-shifted lasers and 
low-loss optical waveguides in optoelectronic integrated devices can be 




Chapter 4. Surface plasmon enhanced 
photoluminescence in Au capped InGaAs 
quantum well nanodisk array 
4.1 Background 
In Chapter 3, QW intermixing control and enhancement were achieved by use of 
SiO2-metal-SiO2 plasmonic structures. With the help of a coupling effect between 
a plasmonic structure and a semiconductor material, the PL of a QW was 
intentionally modified. Plasmonic structures are not only limited to the coupling 
effect between themselves and semiconductor structures which can be used in 
QW intermixing. They can also be used to modify or control other properties of 
optoelectronic semiconductors or devices as introduced in Chapter 1. 
SPR induced photoemission enhancement is a path towards light emitting 
materials or devices with higher efficiency. Randomly placing a metal particle on 
top of a single quantum emitter, such as a quantum dot made of InGaAs or GaAs, 
can lead to either a large PL enhancement when the dimensions of the metal 
particles are properly designed [102, 103], or a PL quenching of the quantum dot 
[55, 91]. Using a systematically-patterned metal structure on semiconductor 
quantum emitters offers another way to control PL emission [72, 104]. The optical 
spectral response of a structure can be readily observed from reflectance and 




instance, pattern period and dimension of the metal units. PL emission 
enhancement can be achieved by using well-designed patterns. However, the 
method discussed here would be slow and difficult in large scale fabrication. 
4.2 Motivation 
In the previous chapter, it was found that a SiO2-Ag-SiO2 plasmonic structure can 
provide a coupling effect between the structure itself and a lower QW sample. 
Moreover, the method of fabricating this kind of sample is effective and easily 
reproducible. However, the sizes of the Ag particles formed by the RTA method 
are not uniform and have a certain diameter range. This poor uniformity in the 
size of metal nanoparticles could make the coupling effect useless to enhance the 
PL of a QW sample. This is because the SPR wavelengths of different Ag particle 
sizes are not in the same wavelength or lie within a narrow wavelength range. The 
plasmonic coupling effect to QW PL wavelength is largely decreased as SPR 
wavelengths are dispersed over a relatively wide wavelength range. 
LIL provides a method for fast large area patterning. The pattern can be fabricated 
to a high uniformity by this method. Previously, the use of LIL to fabricate a two-
dimensional periodic Au nano-pattern on InGaAs QW samples to enhance PL was 
reported by others; a dielectric layer with a lower refractive index than the GaAs 
substrate was employed to couple the SPR and PL emission, for example [105]. 
The wavelength of the SPR, however, was not flexible in that method because of 




refractive index. It is therefore highly desirable that there be a technique to render 
flexibility in SPR tuning. 
In this chapter, a quantum well nanodisk (QWND) array capped with Au caps is 
fabricated by LIL and the SPR is tuned to enhance the PL emission of QWNDs. 
In the design, the SPR wavelength can be easily tuned by adjusting the 
dimensions of the QWNDs during a wet chemical etching process. This approach 
is free from the wavelength restriction of the SPR coupling from a fixed metal 
pattern structure and a fixed medium’s refractive index. The wavelength 
relationships between the optical excitation, PL emission from QWNDs and SPR 
of the structure are systematically studied in both simulation and experiment. This 
method provides freedom to apply the same metal structure onto other quantum 
emitters with different emission wavelengths and quantum structures such as SPR 
coupled quantum wires and quantum dots [106]. 
4.3 Design and fabrication methods 
A 2-D orderly assembled array of InGaAs QWNDs is fabricated by a top-down 
wet chemical etching method. A Au cap on top of each QWND serves as an 
etching mask in the formation of a disk structure and is later used as a plasmonic 
structure to enhance the PL from the underlying InGaAs QWND. As each Au cap 
is located in the vicinity of a QWND, an amplification of optical power density 
surrounding the Au is induced and the E-field intensity near the disk region is 
higher through SPR coupling [107]. This enhancement of optical power density 




depending on the dimensions of the Au/disk structures. Enhanced PL emission of 
a QWND occurs when the SPR mode matches the disk’s emission wavelength 
and induces a strong coupling in between. In addition, in the structure, light 
interaction that contributes to PL enhancement is observed to be constrained to an 
individual Au/disk structure area instead of through the surface lattice resonance 
created between the Au array caps [108]. This is discussed further in section 4.5. 
In the experiment, an as-grown InGaAs QW sample consisting of a single 8 nm 
thick In0.12Ga0.88As QW layer sandwiched by a 20 nm thick GaAs cap layer and a 
500 nm buffer layer was grown by MBE. A 2-D square lattice array with a pitch 
of 290 nm was patterned on negative resist NR7-200P and ARC by LIL using a 
325 nm wavelength He-Cd laser. Meanwhile, a control QWND sample was 
fabricated by positive resist, S1805, with the same periodicity as the negative 
resist sample. A 20-nm Au thin film was then deposited onto the top of the 
negative resist and ARC patterns by e-beam evaporation. A 2-D Au cap array 
with a diameter of 180±10 nm was formed after the lift-off process. Afterwards, 
the Au caps served as masks in the wet-etching process to form the QWND array 
by etching through the InGaAs QW layer using HCl/H2O2 solution [109]. 
Considering the high sensitivity of GaAs related materials to non-radiative surface 
recombination during dry etching processes, a wet etching method was used to 





Figure 4.1. (a) A schematic diagram of the Au/InGaAs structure. The Au cap is 
180 nm in diameter and 20 nm in height. The period of the array structure is 290 
nm. The purple-colored material in the figure is the GaAs substrate and capping 
layer; the pink-colored material is the InGaAs QWND. (b) A cross section of the 
Au/InGaAs disk structure showing different diameters and heights after various 
etching times. 
Based on the design of the Au/disk structure (Figure 4.1 (a)), the SPR wavelength 
can be directly tuned by simply changing the size of the Au caps or the 
dimensions of the supporting disks (Figure 4.1 (b)).  The etching time is gradually 
increased from 5 s to 15 s. For the sake of brevity, the sample etched for 5 s is 
indicated as Structure A, the sample etched for 10 s is indicated as Structure B 
and the sample etched for 15 s is indicated as Structure C. The dimensions of the 
underlying disks change with an increase in height and a narrowing in diameter 
from Structure A to C. When the etching time reaches 20 s, a Au cap crash will 
occur as the supporting area of the underlying disk is too small to hold the Au cap. 




successfully fabricated. Figure 4.2 shows scanning electron microscope images of 
Au/disk samples corresponding to Structures A, B and C. 
In the fabrication process, the periodicity of the pattern is designed to be 290 nm 
which is close to the smallest dimension with a good uniformity the laser 
interference set-up is able to reach. The reason behind choosing this periodicity is 
that the SPR between the Au and GaAs medium of which it is desired to take 
advantage lies in the near infrared range. However, this SPR wavelength still has 
a short distance to the InGaAs QW emission wavelength. Hence the smaller the 
Au cap that can be fabricated, the closer the SPR wavelength and the QW 
emission wavelength can be brought to overlap one another. In addition to this 
 
Figure 4.2. SEM images of Au/disk structures etched for (a) 5 s (Structure A), (b) 




method, changing the environment of the Au caps provides another way to tune 
the SPR of the structure to the PL emission wavelength further. Adding a layer of 
lower refractive index material between Au and GaAs can help tune the SPR 
wavelength, but the increased distance between the SPR and GaAs may reduce 
the coupling intensity within the structure. Also, the refractive index of the 
additional layer has to be delicately designed to ensure effective coupling between 
the SPR and QW emission [105]. Another approach used here is to remove the 
area of the underlying materials by an etching method so that the SPR wavelength 
of the structure is tuned more easily and flexibly. 
4.4 Tuning the surface plasmon resonance in the Au/disk 
structure 
Reflectance spectra of the Au/disk samples with different etching times were 
measured by a CRAIC UV-visible-NIR microspectrophotometer, as shown in 
Figure 4.3 (a). The peaks and the dips in the reflectance spectra in the near-
infrared region reveal the information about the SPR. However, it should be noted 
that neither the peaks nor the dips in the reflectance curves represent accurate 
resonant frequencies which lie somewhere between these two positions. This will 
be discussed later. It can be clearly seen that the reflectance dip blue-shifts from 
1480 nm to 1060 nm as the structure is changing from A to C. 
Lumerical FDTD was used to numerically analyze the SPR properties and 
reflectance of the Au/disk structures. In the simulation, a light source was placed 




lateral dimension and perfect matched layer (PML) conditions in the vertical 
direction. Since the In0.12Ga0.88As only contains 12% In (Indium), the default 
values of refractive index n and extinction coefficient k of GaAs in the software 
were used for the whole disk [101]. The existence of In was thus ignored during 
the simulation. This is acceptable as the differences of n and k between 
In0.12Ga0.88As and GaAs are small. For the n and k of Au, values were chosen 
based on previously measured results for a good approximation in the simulated 
wavelength range [63, 110]. Simulated reflectance spectra of the Au/disk 
structures of the same dimensions as the experimental ones are shown in Figure 
4.3 (b), which indicate an SPR in the near-infrared wavelength range and a blue-
shift of the SPR position as the dimensions change from Structure A to C. The 
sharper shapes of the peaks and the dips in the simulation spectra compared to 
those in the experimental spectra are caused by the imperfect fabrication in 
uniformity and size of the 2-D disk arrays. 
 
Figure 4.3. (a) Measured reflectance spectra of the Au/disk structures with 
different etching times. (b) Simulated reflectance spectra of the same structure. 
Dimensions of the samples after etching for Structures A, B and C have 





For Structure A, the SPR wavelength is in the 1400 nm range as the contiguous 
GaAs/InGaAs are materials of high refractive index. The blue-shift of the SPR 
wavelength corresponding to the gradually decreasing disk width is caused by a 
reduction in overall effective refractive index of the surrounding dielectric 
medium, since the supporting GaAs disk radius is getting smaller (as seen in 
Figure 4.3 (c)). This SPR shift is able to tune the coupling of the SPR to the 
QWND when the SPR position moves close to the PL wavelength. 
4.5 PL enhancement by surface plasmon resonance coupling 
Low temperature (5 K) PL spectra of Structures A-C with/without Au caps at the 
same scale are shown in Figure 4.4. As described in Section 2.2.1, PL was excited 
by a 514 nm Ar+ laser with a 5 mW continuous incident power. A helium cryostat 
was used to create the 5 K environment and the PL signal was detected by a PMT 
in conjunction with a monochromator. The PL spectra displayed are as-
collected.  No normalization was performed to the active PL emission volume.  
When the PL emission of different samples is compared, the PL is always 
measured from individual samples with and without Au in the same setting. The 
aim is to compare the difference in PL intensity for samples with and without Au 
capping to test the plasmonic resonance effect. It is clearly observed that the 
active material volume is different in the three samples, thus the plasmonic 
resonance effect is larger if the PL intensity is normalized according to the 
volume.  However, the PL intensity may not be linearly proportional to the active 





Figure 4.4. PL spectra (5 K) relative intensity for Structures A-C with/without Au 
caps for different etching times on the same scale. The inset shows the peak PL 
intensity for each etching time. 
conducted. 
The reason for the PL peaks’ blue-shifts of up to 9 nm with respect to different 
etching times is not entirely known. A lateral confinement effect could be one 
reason for the peaks’ blue-shifts as the QWNDs are gradually etched away. The 
diameter of the QWNDs is around 100 nm for Structure C which has the smallest 
size in the fabrication. However, the 9 nm shift (11 meV energy shift) only occurs 
when the InGaAs dot diameter reaches 50 nm or smaller [111]. The formation of 
an optically inactive layer on the InGaAs sidewall induced by the wet etching can 
probably reduce the effective diameter of the QWND and lead to this blue-shift 




however, the work focuses on the study in PL intensity trend due to the coupling 
of different SPR energies. 
It is obvious that Structure C with Au caps shows the highest PL intensity among 
the three cases, while the PL intensity of Structure B shows the lowest. As the 
etching time is increased (as shown in the inset of Figure 4.4), the reduced 
InGaAs disk area causes the PL to decrease between Structure A and B 
reasonably, whereas Structure C, with the Au particle capped, shows an 
abnormally high PL emission. This greatly enhanced PL emission of the Au 
capped Structure C is due to the result of good coupling between the SPR and PL 
emission. As mentioned above, when the SPR of the structure is far from the 
QWND’s PL emission as in Structures A and B, the Au caps contribute no 
positive effect to the spontaneous emission process. On the contrary, because of 
this mismatch between SPR and PL, a PL quenching of the two cases comes out 
due to the power loss of the incident laser light and the PL emission absorption 
caused by the Au caps. For the case of Structure C, a 4.5-fold enhancement is 
found when the SPR moves relatively closer to the PL emission wavelength. The 
coupling between the SPR and PL emission can cause an increase in the SP 
induced spontaneous recombination rate and lead to an enhancement in the 
QWND’s photoemission [50]. 
However, for Structure C, it is noticed that there is still a gap of about 125 nm 
between the QWND’s emission wavelength and the valley in the reflectance 
spectrum as seen from Figure 4.3 (a) and Figure 4.4. For the tested samples, since 




measure, a reflectance measurement becomes the only guide to indicate the SPR 
position and shift of the structure. In order to find the relationship between the 
overall SPR absorption position and the PL wavelength of the disks, a further 
study was conducted to investigate the effective SPR position of the Au/disk 
structure with the same conditions as in the previous simulation. Figure 4.5 (a) 
shows spectra of transmittance, reflectance, absorption and localized E-field 
intensity of the Au/disk Structures A-C. It can be seen clearly from Figure 4.5 (a) 
that the absorption position on the reflectance spectrum is apparently 84 nm away 
from the position of the overall absorption peak for Structure C. Similar 
discrepancies in the spectra between this absorption peak and reflectance dip are 
found for Structures A and B as well. 
Figure 4.5 (b) presents cross-sectional images of the E-field distributions for the 
different Au/disk structures at both their specific SPR wavelengths and 935 nm, 
which is the InGaAs QWND’s PL peak emission wavelength. The E-field 
distributions for the different cases of Structures A-C show blue-shifts of the 
resonant wavelength and also reveal the state of the SPR coupling within the 
Au/disk structures. The hot spot region in each image represents coupling effects 
occurring near the interface of the Au cap and the semiconductor. In Structure C, 
where the SPR position is close to the PL wavelength, the coupling between the 
Au cap and the QWND causes a large E-field near the disk, which helps to 
enhance the PL emission of the QWND, while Structures A and B only show a 





Figure 4.5. (a) Absorbance, transmittance and reflectance spectra and the E-field 
intensity at the QWND position based on Structures A-C as simulated by 
Lumerical. (b) Cross sections of the E-field intensity distributions for a single 
Au/disk structure measured at the InGaAs PL wavelength and the SPR 




are out of the PL emission range, the intensity of the coupled E-field becomes 
weak and easily dissipates out of the Au/disk region. 
As shown in Figure 4.5 (b), this PL enhancement corresponds to the SPR within 
each individual nanostructure cell as the local field enhancement only occurs 
beneath each Au cap. The surface lattice plasmon resonance that occurs between 
the Au caps makes no contribution to the enhancement [108, 113]. Simulation 
results in Figure 4.5 (b) show that the light oscillation only occurs beneath the Au 
structure region at both the PL emission wavelength and the SPR wavelength of 
Structures A-C.  If there were any interactions between the Au disks, light density 
collection would be observed in the gap region.  Because of this strong 
enhancement behavior in each individual cell at the PL wavelength, no photonic 
crystal effect is observed in this periodic structure. Extraction efficiency, one of 
the factors which people usually consider in photoemission enhancement in 
surface patterned structures of this type, makes no positive contribution to this 
particular InGaAs PL enhancement [114, 115]. 
The designed Au cap and underlying QWND structure is similar to a classical 
optical cavity; the cavity quantum electrodynamic Purcell effect can help to 
understand this PL enhancement better [116, 117]. The Purcell factor shows the 
spontaneous emission rate and intensity simultaneously can be used only for a 
rough estimation for judging PL enhancement, as the time-resolved decay rate of 
the emission is not shown here [88]. The structure forms an inherent sub-micron-
cavity with a Q and an ultrasmall cavity volume V [117]. The Purcell factor 












  (4.1)   
Here λc is 935 nm which is both the SPR and PL wavelength; n is 3.5, Q is the 
SPR related quality factor with a value of 6.91 based on the absorption and E-
field curves of Structure C in Figure 4.5 (a), and V is the effective cavity volume 
which can be estimated by 2V r h  , where ݎ ൎ 100	݊݉ and ݄ ൌ 20	݊݉ for 
Structure C (as shown in Figure 4.5 (b)), since the resonance is confined to a 
small region beneath each Au cap. The Purcell factor of Structure C can reach 
63.4, which is significantly larger than the experimental enhancement factor 
observed (ܨ௘௫௣ ൎ 4.5, as seen in Figure 4.4). The reduced PL enhancement in the 
experimental results is possibly due to photoemission absorption when radiated 
photons pass through the 20 nm Au particle caps [72]. 
To simulate the absorption effect of a 20 nm thick Au cap, the transmission rate 
for light with a wavelength of 935 nm (PL wavelength) passing through a 20 nm 
thick Au film was calculated.  As the light-emitting areas are all under the Au 
caps, this calculation is reasonable to find out the decreasing rate of the output PL 
intensity.  The optical index is chosen to be ݊ ൌ 0.226225 ൅ 6.01196݅, which is 
the value of Au refractive index and extinction coefficient at a wavelength of 935 
nm based on the CRC database in Lumerical [110]. The following equations are 
used to calculate the transmission rate:  
 0I I exp L   (4.2) 




Here, α is the absorption coefficient of Au, k is the extinction coefficient, L is the 
thickness of the Au film, I and I0 are the transmitted and initial light intensity, 
respectively. The transmission which represents the PL intensity decreasing ratio 
is 0/ 0.199T I I  . From this calculation the enhancement is decreased by a ratio 
of 0.199 which suppresses the enhancement factor from 63.4 to 12.6. The non-
radiative recombination induced by the unwanted surface states will certainly 
damp the PL emission. However, as both the structures with and without Au caps 
have experienced the same etching process, the non-radiative surface states will 
affect both capped and uncapped samples. The light scattering of the Au caps is 
another factor that further restricts this PL enhancement. Comparing to the sample 
without Au caps, the top Au caps will cause a larger scattering of the light 
extracted from the InGaAs QW area and reduce the light collection during PL 
measurement. 
4.6 Conclusion 
In this chapter, ordered arrays of plasmonic Au/QWND structures have been 
successfully fabricated to demonstrate PL enhancement by SPR coupling effect 
between Au and the QWND. The structure was fabricated by LIL and easily-
controlled chemical etching. A blue-shift and an effective tunability of the SPR 
wavelength was found when the disk’s diameter was reduced with a fixed Au cap 
size. A 4.5-fold enhancement in PL was obtained when the plasmonic coupling 
was at its maximum, indicating good alignment between the Au/disk SPR 




was found to shift to shorter wavelengths corresponding to a blue-shift in the SPR 
wavelength.  
The Au/QWND structure proposed here provides a new choice for generating 
higher photoemission efficiency in GaAs or other III-V semiconductor based 
optoelectronic materials. The method is fast, straightforward and effective for 
large scale fabrication compared to other complicated patterning methods. The 
way to tune the SPR wavelength for a plasmonic coupling effect between metals 
and semiconductors can also be easily achieved with a high flexibility. 
However, there is still further potential for this method to be modified for 
application to different kinds of semiconductor materials, for instance, GaN based 
materials. As GaN based materials have a relatively shorter PL wavelength than 
GaAs based materials, the intrinsic SPR of Ag or Au material plays a more 
important role in creating a plasmonic coupling effect in this wavelength range. 
For a further investigation, the next chapter will introduce a novel way to use 




Chapter 5. Surface plasmon induced lateral 
photoluminescence in InGaN quantum well 
heterostructures 
5.1 Background 
Chapter 4 introduced a convenient method to generate an effective plasmonic 
coupling to enhance the PL of the InGaAs QWND 2-D array over a large-scale 
area. The SPR wavelength was determined by a Au/QWND structure which is 
tunable in the near-infrared range. However, when the wavelength goes to the 
visible range, the SPR coupling is different from the results shown in the previous 
chapter. In the visible range, GaN based semiconductor materials, which are 
highly used in optoelectronic devices such as LEDs, laser diodes and QW solar 
cells, can also benefit from this SPR coupling effect. 
As introduced in Chapter 1, instead of pursuing an SPR created with a 
combination of metal and semiconductor materials, the intrinsic SPR of metal can 
directly create a coupling effect and improvement in optical performance of GaN 
based samples. Since the intrinsic SPR wavelengths of Ag and Au both lie in the 
visible range, it becomes easier to create an effective coupling between metal 





Enhancing the PL efficiency and reducing the carrier lifetime of GaN based 
samples is currently a hot research topic. Moreover, as introduced in Chapter 1, 
different kinds of metal structures, such as metal film, grating structures and metal 
particles, are already widely used to enhance the PL of InGaN or 
AlGaN/GaN/AlGaN QW samples. However, in almost all published literature 
related to plasmonic applications, the modification of PL (intensity enhancement 
or fast response) is studied in the vertical direction to the sample surface. This is 
because LEDs and InGaN nanolasers all have their photoemission in the vertical 
direction [118, 119]. In present LED applications, the SPR created by a metal 
structure can produce a localized electromagnetic field gain near the 
semiconductor active layer and generate surface PL enhancement. In InGaN 
nanowire lasers, the nanowires are usually placed lying on a sample’s surface. All 
the relevant tests are conducted in the vertical direction. 
However, instead of pursuing the PL enhancement by this localized effect in the 
vertical direction, there is also a chance to potentially modify the PL in a lateral 
direction to the sample surface for other applications. This is because plasmonic 
coupling possesses the ability to create a continuous oscillation in this direction as 
well. Unlike localized PL enhancement, if the SPR effect in coupling to the 
semiconductor QW is accumulated along a lateral direction, the overall gain can 
be larger than the simple localized effect and may lead to other novel applications, 
such as an SP laser or long-range propagating waveguides. 
Similar works have been carried out in fabricating metal waveguide for SPP 




optoelectronic materials, such as QD/PMMA solutions, laser dye and liquid 
crystals [120]. However, the photo-bleaching effect of the polymer materials 
induced by continuous optical and thermal absorption will induce a decrease in 
the performance of photoemission in these materials and the related devices after 
long time use [121]. Considering this effect, solid state optoelectronic materials 
like III-V semiconductor can overcome this unwanted change over long-term use. 
Therefore, a study of the relationship between SP coupling and semiconductor 
material excitation in the lateral direction is needed for further development.  
In this chapter, as a modification of the structure in Chapter 4, a facile method is 
used fabricate large-scale Ag grating patterns on InGaN multi-QW samples. A 
coupling effect between SP and photoemission is generated at the metal grating 
and QW active layer region. This coupling effect induces PL emission in a 
propagation mode along a direction perpendicular to the grating stripes. The 
involvement of Ag results in an enhancement of the propagating capability of the 
PL emission. This enhancement of PL propagation caused by the Ag grating is 
observed in both the near-field region and in free space. 
5.3 Design and fabrication methods 
An InGaN multi-QW layer sample grown by a metal organic chemical vapor 
deposition (MOCVD) epitaxial system was used in this experiment. As shown in 
Figure 5.1 (a), a 2.5 µm GaN buffer layer was first grown on a sapphire substrate 
followed by QW active structures. 8×2.7 nm InGaN QW layers sandwiched by 





Figure 5.1. (a) Schematic of the InGaN multi-QW structure which was grown on 
a sapphire substrate. 8×2.7 nm InGaN QWs sandwiched by 7×12.6 nm barrier 
layers are on top of a 2.5 µm GaN buffer. The top surface is protected by a 12 nm 
thin GaN cap layer.   (b) Schematic of the photoresist grating patterned InGaN 
QW sample covered by a Ag film. 
protective cap layer was designed to be 12 nm thick to ensure an effective 
coupling between metal structures and QW active layers in a later experiment. 
The PL spectrum of the InGaN QW as-grown sample is shown in Figure 5.2. The 
main PL peak is located at about 442 nm with some ripples in the longer 
wavelength range. The appearance of these PL ripples is caused by defect 
photoemission and light interference in the InGaN QW and buffer layer structures. 
Before fabrication of the grating patterns, a 10 nm layer of Al2O3 was first 
deposited onto the as-grown sample by atomic layer deposition. This passivation 
layer helps the sample avoid possible damage to its optical performance brought 
by subsequent processing. A photoresist (S1805 positive resist) grating structure 
with a period of 200 nm was then patterned onto the InGaN sample by LIL. The 





Figure 5.2. PL spectrum of the InGaN QW as-grown sample. 
grating was adjusted in the experiment with of a goal of supporting SPR coupling 
to the PL excitation in the ultraviolet to visible range, as the period of the grating 
is smaller than both the wavelengths of the pump source and the PL. 
This single grating sample was divided into three parts to deposit Ag layers with 
different thicknesses for comparison. (The sample was not divided physically – 
parts of the sample were simply covered up during deposition of the other parts.) 
In the last step, 10 nm and 50 nm thick Ag films were deposited onto two 
different parts of the grating sample by e-beam evaporation. The last part was left 
uncovered as a control sample. For the sake of brevity, the sample without the Ag 
film covering is indicated as Sample A, the sample with the 10 nm Ag covering is 
indicated as Sample B and the sample with the 50 nm Ag covering is indicated as 
Sample C. Figure 5.1 (b) shows a schematic structure of the photoresist grating 




5.4 Near-field PL measurement results 
The near-field PL set-up was designed for this specific measurement and the set-
up is firstly described as follows. 
 
Figure 5.3. Schematic diagram of near-field PL mapping set-up. 
In the near-field PL set-up, a 355 nm laser pump and a sample holder mounted 
together are used for the PL excitation as shown in Figure 5.3. A CCD detector on 
the other side of the pump is assembled separately to the sample holder and the 
laser pump. During the near-field PL measurement, the 355 nm laser is focused to 
a 5 nm diameter laser spot illuminating the sample from the bottom side. The PL 
then can be collected from the top side of the sample by the CCD detector with 
the help of a focusing lens. In the PL mapping measurement, the excitation spot 
on the sample is fixed. The CCD detector is then moved freely in horizontal 




PL spectra on different places of the sample can be collected.  A mapping figure 
within a certain area can thus be obtained showing the PL intensity in a certain 
wavelength. 
After the fabrication of the Ag covered grating InGaN QW sample, a near-field 
PL measurement of the well-patterned sample was carried out by micro-PL. A 
355 nm laser was used to excite the QW sample through an optical focusing lens 
from the Ag grating side of the sample as shown in Figure 5.4 (a). The diameter 
of the focused beam was about 5 µm. The PL signal emitted from the QW sample 
was collected by a lens and detected by a CCD camera located at the rear side of 
the sample. 
In order to study the effect of the Ag gratings on the PL emission, the QW sample 
was excited by a single fixed point and the PL emission was measured in a certain 
area surrounding the exciting beam. To accomplish the measurement, the incident 
laser beam was mounted together with the sample on a holder so that the exciting 
beam was fixed in position. This sample and the laser beam holder were aligned 
on an XYZ stage to move freely in the X-Y plane during PL measurement. As 
shown in Figure 5.4 (b), the stage was able to move freely in directions parallel to 
the grating stripes (the X direction) and perpendicular to the grating stripes (the Y 
direction). Near-field PL mapping was carried out for Samples A, B and C by this 
set-up over a square area of 100 μm × 100 μm. 
Figure 5.5 shows scanning images for the near-field PL mapping detected at 442 





Figure 5.4. (a) Schematic configuration of the near-field PL measurement set-up. 
The sample is excited by a laser pump from the Ag structure side and monitored 
from the rear side. (b) Atomic force microscopy image of the grating pattern with 
a period of 200 nm. The “X” arrow indicates the direction parallel to the grating 
stripes and the “Y” arrow indicates the direction perpendicular to the grating 
stripes. 
results of Sample A (Figure 5.5 (a)), Sample B (Figure 5.5 (b)) and Sample C 
(Figure 5.5 (c)) are all collected in accordance with the grating direction (Figure 
5.4 (b)). As illustrated from the scanning images, PL emission of Samples A, B 
and C exhibit extended propagation along the Y direction. However, in the X 
direction, no such propagating effect was observed. This Y direction PL 
propagation is caused by both the directional light scattering effect and 
subsequently induced light oscillation between the grating stripes. Hence, even 
though the samples are pumped by a focusing beam 5 μm in diameter, PL 




no light scattering occurs parallel to the grating stripes, no similar effect is 
observed in the X direction. 
Moreover, herein, SPR induced light oscillation plays a more importance role 
than the scattering effect does. As can be seen from excited light in Y direction in 
Figures 5.5 (a), (b) & (c), Sample B shows a longer induced emission distance in 
the Y direction than Sample A. Meanwhile, Sample C possesses the longest 
emission distance among the three samples. This is due to the SPR generated at 
 
Figure 5.5. Near field PL mapping at 442 nm of (a) Sample A without Ag film 
cover, (b) Sample B with 10 nm Ag film cover and (c) Sample C with 50 nm Ag 
film cover excited by a 355 nm laser beam of 5 μm in diameter. The total 
scanning area is 100×100 μm2. The blue scale bars in (a), (b) and (c) indicate a 
length of 20 μm. The unit of the PL intensity is in terms of photon counts by a 
CCD detector within a certain time integration. (The white open circles indicate 




the interface of Ag and surrounding media. The light oscillation of the SPR is 
then more likely to form along the Y direction compared to the X direction, as 
grating structures show a strong light coupling ability [122]. More importantly, 
the thickness and quality of the Ag films result in difference in the PL of Samples 
B and C. A perfect film is not easy to create in a 10 nm thickness deposition, 
especially on a grating patterned structure. However, a 50 nm Ag film deposited 
by e-beam evaporation can form a metal film of much higher quality and support 
a longer distance PL excitation than the 10 nm Ag film. The reduction in PL 
intensity in Samples B and C monitored is caused by the absorption of the laser 
pump in the Ag films. For a further demonstration, PL spectra with self-defined 
distances away from the original excitation point were collected along the X and 
Y directions for Samples A, B and C. 
Figure 5.6 shows PL spectra at different points on Samples A, B and C along both 
the X and Y directions. In the figures, the “0 point” refers to the primary 
excitation point where the laser beam was focused. The PL spectra were measured 
at different distances (10 μm, 20 μm and so on) from this point. Results obtained 
show a similar propagation trend to the former near-field PL scanning images. As 
the measured distance increases, the PL emission in the Y direction exhibits a 
lower decay rate compared to that in the X direction in all the samples, as can be 
seen in comparing Figures 5.6 (a), (c) and (e) to (b), (d) and (f), respectively. 
In addition, as shown in Figures 5.6 (b), (d) and (f), this decay rate in the Y 
direction is largely suppressed at close range (10 μm) for Samples B and C with 




spectra are all normalized to study the decay rate for different structures. The 
difference between Samples B and C in exciting PL emissions along the Y 
direction is also studied. 
The peak PL wavelength lies at 442 nm. PL intensities measured at different  
 
Figure 5.6. PL spectra of points at various distances away from the original points 
in the X and Y directions (as Figure 5.4 (d) shows) of (a) Sample A in the X 
direction, (b) Sample A in the Y direction, (c) Sample B in the X direction, (d) 
Sample B in the Y direction, (e) Sample C in the X direction and (f) Sample C in 




distances of each graph in Figure 5.6 are normalized to the PL intensity at the “0 
point”. Figure 5.7 (a) shows the normalized PL peak values at different points, 
including the “0 point”, as a function of measured distances along the X and Y 
directions. Meanwhile, the integrated PL intensities of the spectra in Figure 5.6 
are normalized to the integrated spectrum at the “0 point” as well. Figure 5.7 (b) 
shows the normalized integrated PL intensities of different points to the integrated 
PL intensity at the “0 point” as a function of measured distances along the X and 
Y directions. 
As shown in the normalized curves of Figures 5.7 (a) and (b), Samples B and C 
have strong PL emission monitored 10 µm away from the “0 point” in the Y 
direction. An elevation of PL excitation along the Y direction is observed for 
samples covered with Ag compared to those for the samples without Ag. Since 
the 10 nm Ag film has a worse film quality than the 50 nm Ag film as mentioned 
above, this 10 nm film contains more Ag islands rather than a uniform film. These 
particle-shaped large islands show a stronger light scattering behavior along short 
distances. Thus, Sample B shows a higher normalized PL than Sample C at 10 µm. 
When the measured distance goes up from 20 µm to 150 µm, the normalized PL 
intensity of Sample C exceeds that of Sample B. This reversion phenomenon in 
PL intensity is caused by long distance SP coupling. The 50 nm Ag film, with a 
better film quality, can provide a stable coupling of the SPR wave than the 10 nm 
Ag film. This will help to excite the PL emission of the points far from the “0 





Figure 5.7. (a) Normalized PL peak values at points away from the PL peak at 
position 0 as a function of distance along the X and Y directions. (b) Normalized 
integrated PL intensities at points away from the 0 position as a function of 
distance along the X and Y directions. 
Therefore, Sample C shows stronger PL excitation at a longer distance. With the 
help of this property, a space-continuous excitation along the Y direction can 
probably create a PL enhancement in the lateral direction with the help of the SPR. 
Large photoemission gain and subsequent lasing phenomenon could also be 
generated in this plasmonic grating structure, which may offer an option in 
structural design of SP related nano-lasers or waveguides. Further measurement 
will be shown in the next part for a demonstration of PL enhancement by the 




5.5 Edge-emitting PL measurement along the surface 
The micro-PL measurement presented above shows the near-field behavior of Ag 
grating covered samples. The structures have exhibited SPR supported PL 
excitation for propagating modes which might be useful for further development 
of SPR applications. In order to demonstrate this, PL emission confined to the 
sample surfaces were measured from the edges of the samples. 
Figure 5.8 shows a schematic of the PL emission measurement set-up. A 405 nm 
picosecond pulsed diode laser (PicoQuant PDL 800-B) was used as the pump 
source to excite the samples. Large optical gain and lasing effect are always 
generated by the excitation of a high power pump. A line-shaped pump beam 1 
cm in length was focused onto the sample surface (Ag grating side) through the 
alignment of a focusing lens and a cylindrical lens. The pump beam line was set 
along the Y direction of the sample. An optical fiber was placed at the edge of the 
sample to couple light emitted along the Y direction. The output light signals were 
then monitored and analyzed by an optical spectrometer. The PL emission  
 
Figure 5.8. Schematic of the propagating PL emission measurement set-up along 




together with the pump laser travels inside the surface of the grating and is 
emitted at the edge. Figure 5.9 shows the measurement results under the 
excitation of different laser powers. All the PL spectra shown here are as-
collected. 
As shown in Figure 5.9, PL emission for all samples can be observed, but with 
different signal intensities. The pump laser line is also visible. Table 5.1 shows PL 
peak intensity at 442 nm of Samples A, B and C in arbitrary units, normalized PL 
at this wavelength. As the power of the pump laser reaching the InGaN QW layer  
 
Figure 5.9. Edge emitting PL spectra of (a) Sample A, (b) Sample B and (c) 






differs due to Ag film thickness, transmission ratios at 405 nm (laser wavelength) 
after penetrating 0 nm (without Ag), and through 10 nm and 50 nm Ag films are 
also shown in Table 5.1 for more detailed comparison. Since the attenuation 
coefficient of Ag is 6.2371×105 cm-1 at a wavelength of 405 nm, the transmission 
ratio for Sample B is 51.64% and the transmission ratio for Sample C is 3.67%. 
Therefore, it is understandable that Sample A shows the strongest PL intensity, 
Sample B shows the second strongest PL intensity and Sample C shows the 
weakest. For Sample B, the peak intensity at 442 nm is 2.996 in arbitrary units 
which is 19% of that collected in Sample A. As the light conversion efficiency for 
the Ag grating covered QW structure cannot reach 100% even in the normal case, 
the observation of this 19 % residual PL intensity is reasonable. However, for 
Sample C (circled with red line in Table 5.1), the observed PL peak intensity is 
8.6% which is higher than the light transmission ratio (3.67%) for the 50 nm Ag 
film covered QW structure with a grating pattern. This emission enhancement is 
due to SPR formation at the Ag grating structure in a propagating mode. As  
 Sample No. Ag film PL peak intensity 




405 nm light 
transmission 
after penetrated 
A without Ag 15.72 100% 100% 
B 10 nm 2.996 19% 51.64% 
C 50 nm 1.354 8.6% 3.673% 
Table 5.1. PL peak intensity at 442 nm of Samples A, B and C in arbitrary units 
excited with 6.78 mW laser power, normalized PL at this wavelength from Figure 





discussed above, Sample C shows PL for a propagating mode along the Y 
direction. In this configuration, the SPR is excited over a long distance (about 1 
cm) along the Y direction. A large optical gain accumulation induced by the pump 
laser will result in this increase in PL compared to the ideal situation. The PL 
emission propagating in the lateral direction along the Y direction is then 
observed to be enhanced compared to Sample A if pumped by the same excitation 
power. This means that Sample C possesses an elevated gain efficiency along Y 
direction compared to that of Samples A and B. 
5.6 Conclusion 
In this part of the work, SPR assisted PL excitation of propagating mode along a 
periodic Ag grating structure on a multi-QW InGaN sample has been explored. 
Due to SPR of Ag grating structure, a QW sample exhibited a longer PL 
excitation along a direction perpendicular to the grating stripes when excited at a 
fixed point. Similar gain was also obtained over a large scale when the sample 
with a Ag grating structure was excited by a line-shaped laser. An accumulation 
of SPR between Ag and QW resulted in an improvement of lateral PL emission. 
This SPR excitation in a propagating mode and subsequent PL emission 
modification provides guidance to generate optical gain by a simple and effective 
fabrication method in this visible wavelength range. This lateral directional 
optical gain provides a way to improve optical propagation on metal optical 
waveguide. More importantly, with the SPR induced optical gain, a lateral SP 




Chapter 6. Conclusions and future work 
6.1 Conclusions 
The surface plasmon resonance (SPR), with its ability to affect electromagnetic 
fields at the interfaces of metal and surrounding media has been intensively 
studied for application to semiconductor materials. III-V semiconductor 
heterostructures have previously benefitted from the SPR in application of 
wavelength-tunable filters, light emitters and photo detectors. Enhancing the 
photoemission efficiency of III-V semiconductors in the visible to near-infrared 
range, one of the hot topics in SPR application, has been widely studied in the 
recent decade. However, based on current achievements, finding a convenient and 
effective way to improve the optical performance, such as tuning and enhancing 
photoemission remains a task in SPR applications. To tackle the problem, this 
thesis discussed using facile methods to fabricate metal nanostructures on 
semiconductor heterostructures and subsequently modify the PL of the 
heterostructures effectively. 
First, in order to generate an effective SPR coupling in the near-infrared range, a 
well-designed SiO2-Ag-SiO2 structure was fabricated on top of an InGaAs QW 
sample by simple deposition and annealing methods. Due to the coupling between 
the metal structure and the QW, an enhancement of optical energy to thermal 
energy conversion was obtained after an RTA process. A blue-shift in PL 
emission from 920 nm to 882 nm was observed, larger than that obtained from the 




improvement in bandgap modification using IFVD, the fabrication of bandgap-
tuned modulators, bandgap-shifted lasers and low-loss optical waveguides will 
become easier. 
Then, the SPR was used to develop localized optical oscillation and PL 
enhancement in InGaAs related semiconductor heterostructures. A PL 
enhancement by a localized SPR coupling effect between Au and InGaAs 
QWNDs was demonstrated successfully. The structure was fabricated by the 
large-scale patterning method LIL and an easily-controlled method of chemical 
etching. The tunability of the SPR wavelength was demonstrated when the disk’s 
diameter was reduced with a fixed Au cap size. A 4.5-fold enhancement in PL 
was obtained when the plasmonic coupling was at its maximum. This work 
provides a promising way to enhance the photoemission of InGaAs related 
semiconductor materials and optoelectronic devices. 
In addition to the application in near-infrared ranges, SP assisted InGaN multi-
QW PL excitation in a propagating mode was illustrated in the visible range. In 
near-field measurement, with the help of a periodic Ag grating structure, a QW 
sample showed a longer PL excitation along a direction perpendicular to the 
grating stripes compared to that without Ag. SPR excitation at the interface of Ag 
and QW resulted in an improvement of lateral PL emission in free space. This 
work provides a guidance to fabricate a semiconductor related SP laser in the 




In summary, effective control of PL excitation, modification and enhancement 
were achieved by convenient, large-scale and fast fabrication methods. These PL 
controls, as explained above, may have a decent chance to contribute to the 
improvement of different III-V semiconductor optoelectronic devices. 
6.2 Suggestions and future work 
This thesis has successfully used different means to control and enhance 
photoemission of III-V semiconductor heterostructures by generating effective 
SPR coupling. In addition to these fundamental investigations on GaAs and GaN 
related semiconductor heterostructures, some further development can be 
continued by focusing on the realization of these plasmonic structures, which can 
be used directly to fabricate optoelectronic devices. 
For GaAs related structures in the near-infrared range, using the Au/QWND 
structure to enhance the photoemission of the light emitting devices is no doubt 
one further application of SPR. Simultaneously, the involvement of the Au 
particles can result in a fast electron-hole pair recombination in photoemission 
and lead to an improvement in PL response time of the InGaAs heterostructures.  
Moreover, InGaAs is one of the most commonly used materials for detectors in 
the infrared range. As shown in the responsivity spectrum of a typical InGaAs 
detector in Figure 6.1 (a), the responsivity of the detector from 800 nm to 1200 
nm on the spectrum is lower than that in a longer wavelength range. However, 
with the help of a Au/QWND structure, the SPR will create an effective coupling 





Figure 6.1. (a) Typical spectral responsivity of an InGaAs detector [123]. (b) 
Reflectance spectra of the Au/disk Structures A-C used in Chapter 4 and a 
reflectance spectrum of an InGaAs QW sample. 
sensitivity or responsivity in this range will be improved due to the employment 
of a Au plasmonic structure. Therefore, this Au/QWND structure can be further 
investigated for improving photodetector. 
For the application of GaN based semiconductors, although a propagative 
excitation and a PL enhancement have been observed by the employment of Ag 
grating structure in this thesis, this structure still possesses potential for a more 
promising use. Stimulated emission amplification could be generated when a gain 
enhancement is obtained by the structure through adjusting the grating dimension, 
suppressing the Ag loss and improving the grating’s quality. A lasing effect of the 
InGaN based heterostruture can potentially be realized by this structure. 
Unlike the lasing dye based grating structure reported by Y. J. Liu et al., this 
InGaN based Ag grating structure can be directly fabricated into real devices by 
common photolithography methods [124]. The stability of solid state structures 
are also generally much better compared to polymer based samples. Due to the 




also be better compared to other nanoscale fabrication methods of InGaN based 
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